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Optimization of microbial fuel cells is investigated by utilizing Shewanella oneidensis as 
a model microorganism. The microbe’s ability to grow and use glucose as a carbon source is 
explored under varying oxygen environments through an offline PMP derivatization method and 
HPLC analysis. Shewanella growth and glucose utilization is enhanced under aerobic 
environments; however, under microaerobic environments the addition of ferric iron results in a 
faster exponential growth initialization. A flavin mononucleotide modified indium tin oxide 
electrode is prepared and characterized for its usefulness in microbial fuel cells by controlled 
potential electrolysis, cyclic voltammetry, and electrochemical impedance spectroscopy studies. 
The electrode is shown to decrease impedance and charge transfer resistance when compared to a 
bare electrode. Additionally, the electron transfer mechanism is shown to be scan rate dependent. 
The addition of the monolayer decreased the contact angle resulting in a more hydrophilic 
surface for microbial attachment. The enhancement of electron transfer is explored through the 
poising of Shewanella on the modified electrode in the potential range of +0.6 to -0.6 V. Cyclic 
voltammetry studies performed immediately after poising results suggest catalytic election 
transfer occurs when Shewanella utilizes the FMN monolayer. Outer membrane protein 
reduction is absent in cyclic voltammetry following poising indicating direct electron transfer is 
blocked when the FMN monolayer is present. Current density is shown to increase as the poising 
potential becomes more negative with a maximum current achieved at -0.2 V. This increase in 
	
	 xix 
current density correlates to a decrease in impedance and charge transfer resistance with -0.2 V 






The goal of this work is to increase the efficiency of microbial fuel cells through the 
investigation of nutrient consumption, indium tin oxide modification, and electron transfer 
capability. The work focuses on the microorganism Shewanella oneidensis. This strain of 
bacteria was chosen for its ability to undergo several modes of electron transfer to include direct 
and mediated transfer. Additionally, the Shewanella has the capacity to facilitate growth under 
both aerobic and anaerobic conditions.  
Nutrient consumption was investigated by high performance liquid chromatography with 
UV detection. Specifically, the glucose consumption by Shewanella was investigated. Due to a 
lack of UV absorption, glucose was derivatized with PMP prior to testing. This procedure allows 
for a clear detectable and quantifiable signal.  
Modification of indium tin oxide is performed using flavin mononucleotide. The resulting 
monolayer was characterized by investigating its electron transfer mechanism, surface coverage, 
impedance, and charge transfer resistance. Annealing of the monolayer is conducted to explore 
the possibility for surface rearrangement enhancing electrochemical character. 
The electron transfer efficiency for Shewanella on a bare ITO electrode was investigated at a 




production as a biofilm formed on the electrode surface. The flavin mononucleotide modified 
ITO was used for investigating mediated electron transfer through a monolayer in addition to the 
current produced, the impedance and charge transfer resistance is measured across a wide range 
of bacteria posing potentials.  
Microbial Fuel Cells 
A microbial fuel cell uses electro-active microorganisms to generate energy through 
anaerobic or aerobic metabolic reactions producing electrons and hydrogen ions1,2 (Figure 1). In 
general, MFCs oxidize organic materials in the anode chamber. When the organic material is 
glucose, a molecule of glucose is converted into two molecules of pyruvate, which then proceeds 
to anaerobic fermentation generating lactate (Figure 2; Reactions 1 & 2).3 The lactate produced 
within the cytosol of the bacterial cell is converted to pyruvate by lactate dehydrogenase 
generating electrons (Reaction 3). These electrons proceed through a series of transport proteins 






          
Figure 1. A figure showing a generalized MFC. The microbe consumes organic substrates and 
produces electrons and hydrogen ions. The electrons and hydrogen ions recombine with 








Figure 2. An illustration showing the conversation of glucose into electrons. Glucose is 
processed in the cytosol by glycolysis producing lactate. Lactate is converted into pyruvate 
generating electrons that are shuttled to an electrode with the help of various transport proteins. 
 
Glucose+ 2 ADP+ 2 P! + 2 NAD! → 2 Pyruvate+ 2 ATP+ 2 NADH+ 2 H!      Reaction 1 
                                     Pyruvate+ NADH+ H! → Lactate+ NAD!                                Reaction 2 
                            Lactate+ NAD! → Pyruvate+ NADH+ 2 H! + 2 e!                        Reaction 3 
Once transferred to an electrode, electrons travel toward the cathode and a current is 
produced. Additionally, the hydrogen ion produced in reactions 2 and 3 can transvers into the 
cathode chamber by diffusion though a semipermeable membrane. In the cathode chamber the 
electrons can then combine with molecular oxygen and hydrogen ion to produce water. 
Alternatively, when no oxygen is present in the cathode chamber of a MFC, hydrogen can be 






Shewanella oneidensis MR-1 
For this work, the metal-reducing microorganism Shewanella oneidensis MR-1 is of 
interest. S. oneidensis is a gram-negative microbe that is cylindrically shaped with a 1 to 3-
micron length and a 0.4-0.7 micron diameter (Figure 3).4 Additionally, S. oneidensis is classified 
as a facultative anaerobe referring to its ability to adapt metabolic processes in the presence or 
absence of oxygen.  The growth of S. oneidensis is a result of its ability to catalyze chemical 
reactions for obtaining the energy required to facilitate metabolic growth. Several organic carbon 
sources have also been examined to include simple compounds such as acetate and lactate to 
slightly more complex compounds like glucose.5,6 These carbon sources help to facilitate growth 
of the microbe and act as electron donors.  Under aerobic conditions, the microbe can use 
molecular oxygen which acts as an electron acceptor for metabolic growth.7 Under anaerobic 
conditions, S. oneidensis can couple its growth to the reduction of a variety of acceptor 
molecules to include fumarate, nitrate, manganese(IV), and iron(III) oxides. 
In the present work, tryptic soy broth (TSB) is used for microbial growth that contains 
glucose as an electron donor molecule. Once glucose undergoes glycolysis and has been 
processed in the cytoplasm of S. oneidensis, electrons enter the inner membrane (IM) network 
where quinols (QH2) help to shuttle this charge to the periplasm with the help of transport 
proteins (Figures 4).8,9 Two multi-haem cytochromes, torC and CymA, help to catalyse this 
process and are both connected to the IM by a single α-helix. Although TorC only has a single 
redox partner (TMAO reductase TorA) and does not transfer electrons to OM proteins, CymA is 
capable of several transfer pathways. This menaquinol oxidase transfers electrons to fumarate, 
nitrate, mineral (hydr)oxides of Fe(III) and Mn(III/IV), flavin and electrodes through the help of 




cytochromes to include the MtrA complex, which forms a complex with the 28 strand β-barrel 
porin MtrB. This complex, the MtrAB complex, co-purifies with the deca-haem cytochrome 
MtrC to form the MtrABC complex. 
 







Figure 4. An illustration of the various pathways’ electrons can travel out of a microbe. As 
electrons leave the IM, electrons can travel through various transport proteins. Source: Breuer, 
M. et al.8 
 
The presence of cytochromes on the surface of S. oneidensis (Figure 2 Right and Figure 
4) play a significant role in its ability to be used in MFCs. Cytochromes are made up of a large 
family of proteins, many of which contain c-heam cytochromes notated as cytochrome-c (cyt-c). 
These cyt-c are comprised of iron coordinated by a protoporphyrin IX molecule covalently 
linked to a peptide by thioether bonds (Figure 5a). Additionally, histidine amino acid ligands are 
found in the axial position of the heam iron helping to maintain the correct orientation of the 
cytochromes (Figure 5b). For S. oneidensis, multi-heam cytochromes support rapid electron 
transfer through a series of intraprotein electron transfer steps involving ferric/ferrous coupling.8 
Multi-heam cytochromes are defined as two or more neighboring cytochromes that have 







Figure 5. The structure of cyt-c. a) Shows the structure of the protoporohrin IX and b) shows the 
histidine amino acid ligands in the axial position. Source: Breuer, M. et al.8 
 
The growth of S. oneidensis has been extensively studied for several years. The microbe 
was first isolated in 1988 by Nealson and Myers from the sediments of Oneida Lake, New 
York.10 The researchers developed enrichment cultures of anaerobic sediments using LO 
medium consisting of Oneida Lake water with 10 mM HEPES buffer, 0.75% agar, succinate or 
acetate, and 1 mM MnO2. The organic material acted as a carbon source and electron donor 
while MnO2 acted as an electron acceptor. The results showed that once the concentration of 
MnO2 was depleted, growth of the microbe was halted. It was concluded that the growth of S. 
oneidensis was coupled to the reduction of an Mn or other electron acceptors such as O2.  
Since its discovery, research on the growth of S. oneidensis has covered many types of 
carbon sources, incubation temperatures, and biofilm growth conditions. Research shows that S. 
oneidensis has a narrow capacity to utilize carbon sources as electron donors for microbial 
growth.11,12 Simple carbon sources such as formate, lactate, and acetate have proven to work well 
for growth cultures. However, the ability for S. oneidensis to use larger carbon sources such as 
glucose has been debated within the literature. Research in genomic testing has revealed S. 




limit the microbes ability to utilize glucose.13-15 However, central carbon metabolism suggests 
alternative glucose pathways such as Entner-Doudoroff (ED) may be active.16,17 Utilization of 
glucose is believed to occur once the microbe has adapted its metabolism to an aerobic 
environment and molecular oxygen is present within the growth medium. This rational is 
consistent with other works which concluded S. oneidensis cannot grow in the absence of a 
terminal electron acceptor. Interestingly, despite the predominate use of lactate as a carbon 
source, Serres and Riley13 have shown that commonly used carbon sources such as L-lactate 
should also be difficult for S. oneidensis to process since there was an observed absence of 
lactate dehydrogenase in its genome. The researchers note that there may be different kinds of 
lactate dehydrogenase that are not represented in sequence databases. Furthermore, S. oneidensis 
has the capacity to reduce several organic and inorganic metals to include ferric iron.18 This 
reduction ability has capacity to impact the growth of the microorganism as well as the potential 
for environmental remediation.19 
The role of temperature on the growth of S. oneidensis has been extensively studied. The 
optimal growth of S. oneidensis falls within the moderate temperature range of 20-45°C 
classifying the microbe as a mesophile.20 Research has shown an increase in cell growth and the 
rate of DNA synthesis at elevated temperature, a characteristic common among other mesophile 
microbes. However, unlike traditional mesophiles, S. oneidensis can maintain RNA synthesis 
between the temperatures of 4-18°C.21 At low growth temperature, the microbe exhibits unusual 
features not observed in microbes grown at elevated temperatures. These features include 
filamentous cells, smaller diameter cells, the formation of spheroplasts, and several proteins that 




In an aqueous media, S. oneidensis can exist as a planktonic biomass and a biofilm. 
Initially, S. oneidensis will exist as free-floating planktonic cells.23 As the cell count rises, these 
cells begin to attach together and to surfaces. When the attachment surface is glass, the microbes 
will grow laterally on the surface developing microcolonies. The microcolonies then begin to 
grow vertically once surface coverage has completed. Work performed by Thormann et al.24 has 
shown that the formation of S. oneidensis biofilms are dependent on what nutrients are present 
and in what quantities. The growth of S. oneidensis can also occur on charged surfaces such as 
an electrode. Microbial cells typically have a net negative charge in aqueous solutions, therefore, 
if an electrode has a significantly more negative surface charge, microbes will be repelled.25 
However, varying the potential of an electrode can result in the direct attachment of 
microorganism. The worked conducted by Roy et al.26 suggests that S. oneidensis forms biofilms 
on electrodes when an applied potential of -0.3 V vs Ag/AgCl is used. The work also theorized 
that cell-to-cell signaling triggered the release of riboflavin that is retained at the surface of an 
electrode and creates redox gradients facilitating attachment of S. Oneidensis to an electrode 
surface. 
Many research groups have suggested various electrode poising potentials for the growth 
of S. oneidensis. These potentials range widely across a range of electrode materials (Table 1). 
The work conducted by Grobbler et al.27 showed an increase in the expression of outer 
membrane proteins to include MtrC and OmcA when S. oneidensis was grown on an electrode 
poised at positive potentials. This increased protein expression correlated to an increase in 
current production. The work conducted by Peng et al.28 also found that poising at positive 
potentials resulted in the production of outer membrane proteins. Interestingly, however, the 




negative posing potentials. Instead, a catalytic wave was observed for cyclic voltammetry 
experiments at a poising potential of -0.24 V (vs SCE). First derivative analysis found that this 
catalytic wave was the result of flavin compounds secreted by S. oneidensis. Despite the absence 
of protein expression in the cyclic voltammetry, current production was found to be higher for 
the more negative poising potential. The researchers contribute this change to the possibility of S. 
oneidensis adapting its metabolic growth to different poising potential. This would indicate that 
the microbe can sense which potential is being used, and adapt its mode of electron transfer to 
the path of least resistance. 
 Table 1. Survey of potentials used throughout literature 
Author Year Working Electrode Potential (vs Ag/AgCl) 
Kim et al29 1999 Glassy Carbon +0.2 V 
Meitl et al30 2008 Hematite -0.3 V 
Peng et al28 2010 Glassy Carbon 0 V and -0.24 V 
Koyama et al31 2013 ITO 0.4 V 
Carmona-Martinez et al32 2013 Carbon Rod -0.1V to +0.4 V 
TerAvest & Angenent33 2014 Graphite Paper on Carbon Rod +0.2 V 
Grobbler et al27 2018 Carbon Cloth +0.71, +0.21, -0.19 V 
 
Extracellular Electron Transfer 
There are four types of extracellular electron transfer (EET) processes that allow 
microbes to transfer electrons. These EET’s include direct, nanowire, terminal, and mediated.26 
Direct electron transport (DET) transfers electrons directly to an electrode surface through 
contact with OM cytochromes (Figure 6a). Nanowire EET refers to the transfer of electrons 
though appendages or pili that extend more than 100 Å from the cell’s surface (Figure 6b). 
Terminal EET transfers electron to acceptor molecules such as fumarate, ammonium ion, and 




deliver these electrons to the surface of an electrode. Mediated electron transport transfers 
electrons from the cells surface to a mediator molecule that then transports the electrons to the 
surface of an electrode (Figure 6c).8 When the microbe is S. oneidensis, flavin molecules act as 
mediator molecules shuttling electrons from the surface of the microbe to an electrode. These 
flavin molecules included riboflavin (RF), flavin mononucleotide (FMN), and flavin adenine 
dinucleotide (FAD). Because not all microbes contain pili or have pili with the ability to directly 
transport electrons, the species of microbe plays a role in EET. Additionally, the presence and 
type of redox molecules in the medium affects EET.  
              
Figure 6: An illustration showing the different types of electron transfer: a) shows direct electron 
transfer, b) shows nanowire electron transfer, c) shows the transfer of electrons to mediator 






 As highlighted in the objectives, the goal of this work is to optimize microbial fuel cells 
through understanding microbial growth and enhancing electron transfer by the development of a 
flavin mononucleotide monolayer. To investigate the growth of Shewanella oneidensis, cultures 
are gown at various oxygen environments with and without the addition of the electron acceptor 
ferric iron. The utilization of the carbon source glucose is analyzed by off-line derivatization 
with PMP and high performance liquid chromatography.  
 A self-assembled monolayer of Flavin mononucleotide on a indium tin oxide electrode is 
formed through a modification of the tethering by aggregation and growth method adapted for 
aqueous solutions. The formed monolayer is investigated for microbial suitability through 
controlled potential electrolysis, cyclic voltammetry, electrochemical impedance spectroscopy, 
and contact angle measurements.  
 The enhancement of electron transfer efficacy is determined by poising Shewanella on 
the modified electrode. Current density is archived through controlled potential electrolysis 
experiments. Impedance and electron transfer resistance is analyzed through electrochemical 
impedance spectroscopy. The mechanism of electron transfer is investigated through cyclic 







REVIEW OF THEORY, METHODS, AND INSTRUMENTATION  
Glucose Analysis and Methods 
 Tryptic Soy Broth (TSB) is a general growth medium for the incubation of 
microorganisms (Table 1). TSB consists of 2.5 g of glucose, which acts as a carbon fuel source 
(electron donor) for microbial growth. The rate of consumption of glucose can be affected by 
several factors including the incubation temperature and cell count. A typical growth profile for 
microorganisms consists of a lag phase where microbes adapt to a new environment, an 
exponential phase where microbial growth rapidly increases, a stationary phase where the 
population growth plateaus, and death phase where microbial death exceeds growth (Figure 7).35 
Currently, the effectiveness of S. oneidensis to convert glucose into energy has been debated in 
the literature with some research indicating that glucose consumption can only occur under 
aerobic condition while other state glucose consumption can occur under anaerobic conditions 
only when S. oneidensis has adapted to an aerobic enviornment.36-38 Therefore the ability to 
monitor the rate of glucose consumption by S. oneidensis would allow for optimization of the 
growth medium for maximized microbial growth.  
 Table 2. Composition of TSB Per Liter of Water 




Sodium Chloride 5 





Figure 7. A generalized growth curve for microorganisms. The lag phase represents the microbes 
adjustment to a new medium, the exponential phase represents the growth of a microbe colony 
where the rate of growth is greater than death, the stationary phase represents an equilibrium 
where the rate of growth is equal to the rate of death, and the death phase occurs when the rate of 
death exceeds the rate of growth. 
 
 The direct analysis of glucose can be difficult due to the monosaccharide’s limited ability 
to absorb light in the visible and ultraviolet regions of the electromagnetic spectrum. This lack of 
absorption limits the detectors that can be used for analysis to refractive index and 
electrochemical detectors.39 Additionally, for biological samples, analysis of glucose can be 
conducted by a variety of assay kits; however, these assay kits can become costly when dealing 
with a large number of samples and may not have detection limits within the desired limit of 
quantitation. Alternatively, glucose can be made to absorb in the ultraviolet by derivatization 
with aromatic reagents.  
 Several derivatizing methods for reducing sugars such as glucose have been proposed. 
Derivatization by 1-phenyl-3-methyl-5-pyrazolone (PMP) is among one of the most widely 
studied methods due to its ease of use, strong absorption in the UV, high electrochemical 
reactivity, and lack of side reactions (Figure 8).40,41 The method, first proposed by Honda et al.42 

























reducing sugar. Utilizing this method, the research group was able to achieve detection of 1 
pmol. A key aspect to PMP derivatization involves the ability to control the number of PMP 
groups that attach to the reducing end of a reducing sugar. If the concentration of PMP is limited 
a mono-reducing sugar can result while a higher concentration of PMP will result in a bis-
reducing sugar.42 The ability to control the derivative character of PMP derivatization allows for 
a broader research capacity.  
 
Figure 8. A derivatization reaction of glucose with PMP. Two moles of PMP react with one mole 
of glucose to from PMP-Glucose.  
 
Research groups have attempted to refine this method for analysis by high performance 
liquid chromatography (HPLC) with varying degrees of success. Research groups like Bai et al.43 
have examined various extracting solvents and achieved detection limits in the range of 0.09-
0.26 mg/L; while Zhang44 et al. has examined the effect of temperature on the success of PMP-
reducing sugar extraction and obtained detection limits in the range of 0.1-2 mM. Despite the 
vast amount of literature that examines PMP derivatzation of reducing sugars, many of these 
publications lack proper validation criteria set by standardizing agencies and suffer from 






Table 3. Summary of Selected PMP Publications 
Author Year Derivative Sample Validation LOD 
Honda et al.42 1989 PMP Carbohydrates No 1 pmol 
Zhang et al.44 2008 PMP Fucoidan No 0.1-2 mM 
Zhao et al.48 2008 NMP Tibetan Medicine No 1.563 µM 
Dai et al.45 2010 PMP Dunaliella salina* Yes 0.13 nmol 
Stepan et al.46 2011 PMP & AA Gastropod No 300 nmol 
Myron50 2014 PMP Monosaccharide No Not Discussed 
Bai et al.43 2015 PMP Hakka Rice Yes 0.09-0.26 mg/mL 
Ai et al.47 2016 PMP Yingshuang Green Tea Yes (Partial) 0.09-2.2 µM 
Wang et al.49 2017 PMP Carbohydrates No Not Discussed 
*Publication dealing with a microorganism 
Key steps of PMP derivatization revolve around the reaction time and temperature at 
which the product is neutralized and extracted. Authors like Honda et al.42 and Dai et al.45 
conducted the neutralization and extraction of PMP-reducing sugars at ambient temperatures. 
However research conducted by Zhang et al.44 suggests that as much as 50% of PMP-reducing 
sugars can be lost at elevated temperatures and advise working near 5°C. Research groups like 
Stepan and Staudacher have examined the usefulness of PMP derivatization when compared to 
other derivatizing agents and showed detection as low as 300 nmol.46 Groups such as Ai et al.47  
and Bai43 have focused on partial validation of a method utilizing PMP with Ai et al. obtaining 
detection in the range of 0.09-2.2 µM. When comparing the literature, reaction length seems to 
vary widely between research groups ranging from 30 to 150 mins while the use of an 
ammonium acetate buffer remains consistent across the literature.  
 Although a number of studies have been devoted to the development and analysis of PMP 
derivatization of reducing sugars by HPLC, few studies incorporated full validation that meets 
criteria set forth by the International Council for Harmonisation of Technical Requirements for 




Pharmacopeia. These criteria revolve around the repeatability of a method and its ability to be 
successfully transferred to other laboratories. Additionally, few publications could be found that 
attempt to utilize PMP derivatization for the analysis of reducing sugars consumed by 
microorganisms. Furthermore, the units used for reporting the amount of glucose in a sample 
vary throughout the literature as summarized in Table 2 and discussed above. A standard unit of 
concentration should be established for easy comparisons.   
High Performance Liquid Chromatography 
High performance liquid chromatography (HPLC) is an analytical chemistry technique 
designed to separate and identify components within a mixture.51 Although a number of HPLC 
instruments exist, the overall components remain the same across the instrumentation. In general, 
a mobile phase consisting of an organic solvent and buffer mixture is pumped through a 
separation column and past a detector (Figure 9). These detectors range from a UV and diode 
array detector (DAD) to a fluorescence and refractive index detector. Sample mixtures are then 
injected into the mobile phase and separated with a column based on the interactions between the 
sample components and the column stationary phase. Various HPLC separations methods exist, 





Figure 9. An HPLC block diagram. The mobile phase of an HPLC system is continuously being 
pumped through the column. When a sample is injected, it enters the column though the mobile 
phase and separates into individual components. 
 
Normal phase HPLC (NP-HPLC) consists of a non-polar mobile phase and a polar 
stationary phase.52 NP-HPLC is particularly useful for very polar compounds. As a sample 
mixture passes through a normal phase column, compounds of a mixture that are most polar will 
elute last due to their higher affinity of the polar stationary phase relative to the non-polar mobile 
phase. The opposite is true for reversed phase HPLC (RP-HPLC), where the stationary phase is 
non-polar, and the mobile phase is polar. Under RP-HPLC conditions, the most non-polar 
compounds within a mixture will be the last to elute.  
The effectiveness of HPLC is measured based on a variety of parameters including the 
number of theoretical plates and resolution. In general, theoretical plates (N) are described as a 
partition of an analyte between the mobile phase and stationary phase of a column (Figure 10) 
and the resolution (R) is a measure of separation between adjacent peaks. However, a more 
detailed description of HPLC efficiency can be described by the Van Deemter equation, which 




    𝐻𝐸𝑇𝑃 = 𝐴 +
𝐵
𝑢 + 𝐶! + 𝐶! ∗ 𝑢       𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1 
where HETP (H) is a measure of the resolving power, A is Eddy-diffusion, B is the longitudinal 
diffusion coefficient, C is the resistance to mass transfer coefficient, and u is linear velocity.
 
Figure 10. An illustration of an analyte partitioning between the mobile phase and the stationary 
phase of a HPLC column. The distance the analyte travels between the two phases is known as a 
theoretical plate.  
 
The term eddy diffusion refers to the diffusion of a mobile phase through channels 
between particles in the stationary phase. Because packing and particle shape varies by 
manufacture, the speed and path the mobile phase travels though the channels will vary. In 
contrast, longitudinal diffusion refers to how a molecule travels though the packing material. 
Depending on the packing uniformity and particle shape, various columns will result in different 
rates of molecular diffusion. The resistance to mass transfer parameter can be thought of as a 
systems ability to maintain equilibrium. Because the concentration of sample components varies 
between the stationary phase and the mobile phase, an HPLC system’s efficiency will be affected 




Although HPLC has several benefits, disadvantages include co-elution and compounds 
adsorbed to the stationary phase. In co-elution, two analytes with similar structure and polarities 
can overlap partially or completely. In the event of a complete overlap some analytes may be 
absent from the chromatogram. In the case of adsorbed compounds, analytes that are strongly 
attracted to the stationary phase can irreversibly attach. This attachment will begin to change the 
efficiency of an HPLC separation.  
Method Validation 
A method that has been properly developed and validated ensures that the method meets 
the intended purpose and will remain reproducible regardless of the operator or operating 
conditions. Method development and validation criteria have been established by the 
International Council on Harmonisation of Technical Requirements for Pharmaceuticals for 
Human Use (ICH), the Food and Drug Administration (FDA), and the United States 
Pharmacopeia (USP). With regards to validation, the ICH has set the standard and is a primary 
reference for recommendations and definitions of validation parameters according to the FDA. 
Validation criteria set forth by the ICH include:54-56 
• System Suitability: This test uses a series of injections to determine how well a developed 
method meets specified criteria for chromatographic parameters. Acceptance criteria include 
the number of theoretical plates greater then 2000, resolution greater than or equal to 1.5, a 
tailing factor between 0.9 and 2, a percent relative standard deviation for retention time of < 
2%, and a peak area and peak area drift of ≤ 2%.  
• Specificity: A specificity test helps to determine the stability of the molecules being 
investigated and ensures that the compounds of interest can be discriminated between other 




determine specificity. Common force degradation experiments include acid and base 
degradation, peroxide oxidation, and heat and UV degradation. The purity of all peaks of 
interest should be greater than or equal to 99%.  
• Robustness: Robustness measures a methods ability to remain unaffected by small variations in 
a method parameter. Varying flow rate, temperature, injection volume, pH and ionic strength 
are common parameters to vary. The analyst should set acceptance criteria for robustness.  
• Limit of Detection and Quantitation: The limit of detection (LOD) examines at what 
concentration a compound can be accurately detected and identified. The limit of quantitation 
(LOQ) examines at what concentration can a compound be accurately quantified and 
identified. The signal-to-noise ratio (S/N) for LOD and LOQ should be 3 and 10 respectively.  
• Linearity and Range: The linearity of a method is a demonstration of the linear relationship 
between peak area/height as a function of analyte concentration. A correlation coefficient of 
0.999 or greater should be obtained.  The range of a method is the upper and lower limits 
where a method remains suitable for precision, accuracy, and linearity.  
• Accuracy: Accuracy studies measure of the closeness of data to a true value. Multiple samples 
are injected and the percent recovery is obtained. Percent recovery should fall between 98-
102%.  
• Precision: The precision of a method can be expressed in three ways. Injection precision 
examines how close data points are to each other over several injections of the same sample. 
Method precision examines the closeness of data over several samples prepared identically. 
Intermediate precision examines the closeness of data points between different days, analysts, 
and equipment. For precision studies, a percent relative standard deviation should be less than 




 ICH validation criteria have been implemented for several instruments, however, 
published documentation does not specifically address what instrumentation the guidelines 
cover. Guidelines state that the validation should be considered for analytical procedures. 




Electrochemical methods can be a powerful tool for obtaining qualitative and quantitative 
information. These systems include a working electrode (WE) where the electrochemistry of 
interest takes place, a counter (CE) or auxiliary electrode that completes the current path, and a 
reference electrode (RE) that serves as a reference point for potential measurements. Typical 
electrochemical systems consist of a two or three electrode set-up. In a two-electrode system, 
only the WE and CE are used. In these setups, the CE acts as the RE as well. In a three-electrode 
system, the WE, CE, and RE are all integrated into the system as separate electrodes.58 The 
desired electrochemical setup depends on the application. For analysis of a redox species where 
only electrochemistry due to charge transfer is observed, a three-electrode setup is preferred so 
that current passing through the system does not change the WE potential.  
For the purposes of energy production from microorganisms, the electrochemical cell 
used is coined a microbial fuel cell (MFC). Consider a generic MFC (Figure 11). With respect to 
the microorganisms themselves, the substrate turnover rate will determine EET.2 With respects to 
the MFC, overpotentials at the anode and cathode, as well as the internal resistance of the MFC 
will play a factor in the performance of the cell. Overpotentials occur when a cell requires more 




energy recovered than predicted by thermodynamics. Potential loss occurs in MFC due to the 
microbial electron transfer (Figure 11-1), the MFC resistance and membrane resistance (Figure 
11-4), and the electron acceptor reduction (Figure 11-6). At the anode, potential loss results due 
to the electrode surface characteristics, the electrode potential and current, and the electron 
transfer mechanism (Figure 11-3). At the cathode, the electron transfer mechanism to oxygen 
and other electron acceptors will contribute to potential loss (Figure 11-5). Additionally, the 
internal resistance between the electrolytes present in the growth medium will also affect the 
magnitude of potential loss (Figure 11-2). The greatest potential loss occurs between the anode 




Figure 11. The overpotentials that occur across a MFC. The largest loss in potential occurs 





To reduce the overpotential that results at the anode and cathode, the type of electrodes 
used for MFCs must be considered. Although there are some differences when choosing 
materials for an anode rather than a cathode, general considerations include:59 
• Surface Area: Ohmic losses (energy loss) are directly proportional to the resistance of an 
electrode. Electrodes with high resistances will experience larger ohmic losses. If the surface 
area of an electrode is increased and the volume kept constant, the resistance of electrode will 
decrease and the efficiency of the MFC will increase. 
• Electrical Conductivity: For electrodes with greater electrical conductivity, the resistance 
applied to the flow of electrons will decrease and the MFC efficiency will increase. 
Additionally, the porosity of an electrode influences its electrical conductivity. An increase in 
porosity will result in a conductivity decrease. 
• Stability and Durability: The ability of an electrode to be chemically resistant is an important 
consideration for MFC electrodes. Due to the redox environment within a MFC, swelling and 
decomposition of materials may result. Additionally, acidic and basic MFC environments can 
lead to electrode fouling and degrade the efficiency of a MFC.    
• Cost and Accessibility: For MFC to become practical, the cost of production should be 
minimal and the availability of materials high.  
Electronic Double Layer 
In electrochemical cells, the environment at the interface of the anode and cathode plays 
a role in the cells usefulness. The electrochemical double layer helps to describe the interaction 
between a charged surface and ions in solution by providing a description of the ionic 
environment.60 The simplest description of the electrochemical double layer was provided by 




Holmholtz plane. These ions effectively neutralize the charged surface. The Gouy-Chapmen 
model of the electrochemical double layer builds on the Holmholtz model by suggesting the 
layer of counter ions is not ridged, rather, the counter ions can diffuse into the surrounding 
solution forming a diffuse layer between the charged surface and bulk solution. The Gouy-
Chapmen model of the electronic double layer is limited due to the assumption that there are no 
physical limitations affecting ions as they approach a charged surface. The Stern description of 
the electrochemical double layer attempts to modify the model proposed by Gouy-Chapmen by 
suggesting ions have a finite size, and their approach to a charged surface can only come within a 
few nanometers. These ions are therefore not directly at the surface but at some distance from the 
surface. Additionally, the Stern model assumes that ions can adsorb to a charge surface resulting 
in a layer before the diffuse layer called the Stern Layer (Figure 12). Because residual charge can 
remain after the Stern Layer formation, counter ions will migrate to the edge of the diffuse layer 
just outside the Stern Layer. The interface between the Stern Layer and diffuse layer is known as 
the Stern Plane.  
 
Figure 12. An illustration of the electronic double layer. A ridged layer, the Stern Layer, forms at 
the interface between the charged surface and ions in solution. Outside of the Stern Layer, a 






One of the most basic electrochemical techniques used for analysis of MFC is cyclic 
voltammetry (CV). CV can provide both qualitative and quantitative information about a MFC 
system to include the number of electrons involved in an oxidation and reduction process, 
capacitance of the system, and diffusion processes. This technique measures the current 
produced in an electrochemical cell as a function of voltage.60,61 When performing a CV, the 
potential of the working electrode is cycled while the reference electrode is kept constant. Take 
for example the diffusion-based system of potassium ferricyanide (Figure 13 & 14). The CV 
starts at a high potential so that the analyte is completely oxidized (Figure 14 Point A). As the 
potential is scanned in the negative direction a current begins to form (Figure 14 Point B). The 
current keeps increasing until the analyte near the working electrode has been completely 
reduced (Figure 14 Point C). This peak is known as the cathodic peak potential. The rate of 
diffusion for oxidized species from the bulk solution to the electrode region slows, and the result 
is a decrease in current with increasingly negative potentials. Some current may still flow due to 
the diffusion of the analyte from the bulk solution toward the working electrode (Figure 14 Point 
D). When the switching potential of the CV has been reached (Figure 14 Point E), the reduction 
of the analyte begins to oxidize and the current begins to flow in the opposite direction. The 
current continues to increase negatively until it reaches a point where the analyte near the 
working electrode has been completely oxidized (Figure 19 Point F). This point is known as the 




       
Figure 13. An illustration of the interface between the diffusion layer and the bulk solution. 
Ferricyanide migrates from the bulk solution to the electrode where it becomes reduced. A 
diffusion layer occurs and more and more ferricyanide is reduced. 
 
 
Figure 14. A CV corresponding to a one electron reduction and oxidation of 0.3 mM ferricyanide 




































Fe(CN)63- + e-             Fe(CN)64-   





Not only are CVs useful for understanding redox potentials of sample components, they 
also provide useful information about the rate and mechanism of electron transfer, transfer 
kinetics, and whether the species is diffusion or adsorption based.58 The rate of electron transfer 
can be descried in terms of reversibility. For a reversible system, the electron transfer rate is fast 
or “easy” and occurs readily at the electrode surface. The result is a redox couple with little to no 
peak separation (Figure 15 Blue). If the electron transfer is slow or “not easy”, increased 
potentials are required for reduction and oxidation to occur. The resulting CV is a redox couple 
separated by a large potential gap (Figure 15 Black). For electron transfer that occurs between a 
fast and slow process, a quasi-reversible CV can result (Figure 15 Orange).  
          
 
Figure 15. Digisim simulated CVs for a reversible (blue), Irreversible (black), and quasi-
reversible (orange) electron transfer process.  
 
The mechanism of electron transfer can also be determined of CV experiments. 


























mechanisms are the results of reversible electron transfer event (E mechanism) (Figure 16-1). An 
E mechanism can be expressed as, 
               𝑬     𝑂 + 𝑒!  ⇌  𝑅      𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 4 
 
where O is the oxidized form and R is the reduced form. However, other mechanisms are 
possible. When an electron transfer processes is followed by a chemical reaction, an EC 
mechanism can occur (Figure 16-2) and is expressed as, 
            𝑬     𝑂 +  𝑒! → 𝑅      𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 5 
𝑪     𝑅 → 𝑃                            
where P is some electro-inactive species. In this case the species resulting from a chemical 
reaction is not electroactive and, therefore, no peak is observed. If a chemical reaction occurs 
first followed by an electron transfer even, a CE mechanism results (Figure 16-3), 
 𝑪     𝑂 → 𝑃      𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 6 
             𝑬     𝑃 + 𝑒! → 𝑌                               






Figure 16. Digisim simulated data for an EE (orange), EC (Blue), and CE (Gray) mechanism. 
The EE mechanism has a distinct oxidation and reduction wave while the EC and CE 
mechanisms are lacking the oxidation and reduction wave, respectively.  
 
CV experiments can also help determine if a system is diffusion or adsorption controlled 
can be solved by varying the scan rate. If the system is diffusion controlled, a plot of peak 
current vs the square root of the scan rate will be linear as described by the Randles-Sevick 




!/!      𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2 
where n is the number of electrons involved in the reaction, F is Faraday’s constant, A is the 
electroactive surface area, v is the scan rate, D0 is the diffusion coefficient, T is the temperature 
in Kelvin, and R is the gas constant. If, however, linearity is observed when the peak current is 
proportional to the scan rate, a surface-controlled species exists as described by the following 
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∗     𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3 
where Γ* is the surface coverage of the adsorbed molecules. Furthermore, adsorption-controlled 
system begins and end at a near zero current, while diffusion system exhibits a capacitive box as 
shown in Figure 17.  
 
Figure 17. A comparison between Digisim simulated data for a diffusion (blue) and an 
adsorption (orange) CV system. The adsorbed system starts and ends at 0 (baseline) current, 
while a capacitive box is observed for the diffusion bases system.  
 
As the scan rate increases there is a change in the intensity of the anodic and cathodic 
peaks. At slow scan rates, the diffusion layer separating the electrode region from the bulk 
solutions increases causing analytes in the bulk solution to traverse a greater distance (Figure 
18). The resulting anodic and cathodic peaks exhibit a decrease in current (Figure 19 Orange). If 
the scan rate is increased the thickness of the diffusion layer decreases and the peak intensity of 
























       
Figure 18. An illustration of depicting an increase in the diffusion layer of a system with 




Figure 19. Digisim simulated CVs for a 1 V/s (blue) scan and a 0.5 V/s scan (orange). As the 
scan rate increases, the anodic and cathodic peak intensities increase due to a decrease in the 
diffusion layer.  
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CV experiments also provide information as to the number of electrons participating in 
reduction and oxidation. By examining the full width at half maximum (FWHM) for a reduction 





𝑛       𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 4 
For a one-electron transfer process, the FWHM would be expected to be 90.6 mV (Figure 20). 
For a two-electron process, 45.3 mV is expected.  
 
Figure 20. Digisim simulated CVs for a one electron (orange) and a two-electron process. A one 
electron process coincides with a FWHM of 90.6 mV, while a two-electron process has a 
FWHM of 43.5 mV. 
 
Controlled Potential Electrolysis 
The controlled potential electrolysis (CPE) technique provides insight into the number of 
electrons transferred, net charge, and the number of species that take part in a reduction-
oxidation (redox) reaction.65, 66 If, for example, a species in an electrochemical cell is completely 
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at a constant value that is significantly positive enough to cause rapid oxidation. Figure 21 
depicts the oxidation of S. oneidensis by CPE set at a +200 mV potential. As the oxidation of S. 
oneidensis occurs, a positive current is generated as electrons flow from the cell to the electrode 
surface. This oxidation will occur until all reduced species at the surface of the electrode or 
within the diffusion layer have been oxidized. From this process, information regarding the 
electrochemical system can be obtained from,  
𝑄 = 𝑛𝐹𝑁      𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 5 
where Q is the net charge calculated by integrating the current, n represents the number of 
electrons transferred per molecule, F is Faraday’s constant (96500 C mol-1), and N represents the 
number of moles of the oxidized species initially present. Equation 5 also extends to cyclic 
voltammetry where Q is the integrated area under the peak current. 
 
Figure 21. A graph of Current vs Time for a CPE experiment involving Shewanella growth on an 
ITO electrode at +200 mV (vs. Ag/AgCl). As the bacteria grows current is produced until the 























Electrochemical Impedance Spectroscopy 
 
Electrochemical impedance spectroscopy (EIS) is a powerful tool, which provides 
information regarding solution resistance, charge transfer resistance, impedance, and helps 
propose electrochemical models. Unlike CV and CPE, which use direct potential, EIS utilizes 
alternating potential.60 The ability to determine the impedance of a system separates EIS from 
other electrochemical methods. Much like resistance, impedance refers to the opposition to the 
flow of current through a conductor.67 Resistance is a direct current (DC) component, where as 
impedance is an alternating (AC) component. For a DC circuit, a battery of voltage V will put 
out a steady voltage (Figure 22A). As the battery produces a voltage, a current (I) will form and 
meet with a resistance of R (Figure 22B). This current flow will also remain steady in a DC 
circuit (Figure 22C). This form of a circuit is related to Ohm’s Law, 





                
Figure 22. A depiction of impedance resulting from DC potential in a basic circuit.  
 For an AC circuit (Figure 23B), the voltage is no longer steady; rather it oscillates 
between positive and negative values resulting in a sinusoidal wave (Figure 23A). This results in 
an oscillating current flow (Figure 23C). Figure 23 shows that the voltage and current change 
between positive and negative values over time. When no capacitor contribution is present, the 
sinusoidal current and voltage overlap and are said to be in-phase with each other. When a 
capacitor influences the circuit, the waves become out of phase. Because of these oscillations, 
impedance takes into account the summation of resistances to electron flow. Under these 
conditions Ohm’s Law still applies, however, it is now with respects to the voltage and current 
for a given time interval, 
















Because we now have an angular frequency ω, which results from sinusoidal oscillation, voltage 
and current can be expanded to, 
𝑉! = 𝑉! sin𝜔𝑡       𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 8 
𝐼! = 𝑉! sin𝜔𝑡       𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 9 
 
              
Figure 23. An illustration of impedance as a result of AC potential in a basic AC circuit. 
EIS functions by applying a small alternating potential sinusoidal wave around a fixed 
direct potential and measuring the alternating current response at changing frequencies.67 The 
result is two sinusoidal waves with varying heights and separation. Figure 24 illustrates the input 
and output AC waves obtained though EIS. As the frequency is cycled, the height difference 
between the two sinusoidal waves changes and is proportional to the impedance at any given 
frequency. Additionally, the waves begin to separate resulting in what is known as a phase shift, 

















Figure 24. An illustration depicting the AC potential sinusoidal wave (blue) relative to the 
measured AC current sinusoidal wave (red) as they osculate around a fixed DC potential (black 
line).  
 
 A Nyquist plot is the most common way to represent EIS data (Figure 25).68,69 The 
formation of a Nyquist plot utilizes real and imaginary numbers. As the sinusoidal waves change 
in distance and amplitude, a change in the real and imaginary values results. Plotting these values 
over a range of frequencies results in a semicircle indicative of a Nyquist plot. It should be noted 
that these plots do not provide frequency information. It is, however, understood that during a 
frequency scan EIS, the high frequency range occurs to the left while the low frequency range 











Figure 25. A Nyquist plot resulting from a FMN modified ITO electrode obtained using a DC 
and AC potential of -0.45 and 0.1 V, respectively. At the far left of the plot the solution 
resistance is measured while extrapolation of the semicircle in the low frequency region measure 
the solution and charge transfer resistance. The impedance can be calculated form the real and 
imagine values located at the apex of the semicircle. Beyond the extrapolated semicircle, mass 
transfer resulting in a “tail like feature” results.  
 
At the far left of the plot where the experiment begins, the solution resistances (Rs) can be 
determined. This is because at high frequencies, only the migration of ions in solution are 
registered. The charge transfer resistance (Rct) of the system can be determined from the right 
most portion of the semicircle. Due to mass transfer effects it is common for the semicircle to not 
reach zero in the low frequency range, therefore, extrapolation is used for Rct determination. The 
maximum impedance occurs at the height of the semicircle. This impedance is described by: 
𝑍 =  𝑍!"! + 𝑍!"!      𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 10 
where ZRe is the real impedance value and ZIm is the imaginary impedance value. These values 

























diffusion occurs, which is a resistance to mass transfer. The type of mass transfer can be 
determined form the angle of the diffusion tail (right most portion of figure 24). If the angle of 
this tail is 45°, the diffusion is considered semi-infinite though the medium. Deviations from 45° 
suggest a deviation from the semi-infinite diffusion, perhaps toward a finite or infinite 
diffusion.70 
 Alternatively, EIS data has been presented in a Bode plot. This type of plot represents 
data as a function of frequency and phase shift (Figure 26). Unlike a Nyquist plots, Bode plots 
provide frequency information for the maximum impedance, charge transfer events, and the 
frequency charge transfer events occur. In Figure 26, as the frequency is scanned from high to 
low (right to left), two charge transfer events and their respectively frequencies are observed. 
These events are labeled as 1 and 2. The frequency at which the maximum impedance occurs can 
also be determined. Bode plots ultimately help provide additional data that may help better 





Figure 26. An example of a bode plot obtained from EIS experiments of Shewanella growing on 
an ITO electrode. As the impedance is scanned from high frequency to low frequency, two 
charge transfer events occur labeled as 1 and 2. The maximum impedance can be observed along 
with the corresponding frequency.  
 
Self-Assembling Monolayers 
Self-Assembled Monolayers (SAMs) are a formation of a one molecule thick layer of 
material with varying surface area coverage.71 Two types of adsorption can occur. Physical 
adsorption, also known as physisorption, occurs if Vander der Waal’s forces governs the 
interaction been the adsorbate and a substrate surface. Physisorption are reversible weak 
interactions. Chemical adsorption, or chemisorption, occurs when the force of attraction between 
the adsorbate and substrate are equal resulting in the formation of a chemical bond. 







Oxide electrodes including indium tin oxide (ITO) electrodes are capable of undergoing 
surface modifications by adsorbates (See Appendix B for a description of ITO).72 Lewis acid and 
base forces are responsible for these modifications and allow for increased rates of electron 
transfer, or reduction of unwanted adhesions. For modifications involving phosphate groups, it is 
believed that phosphate adheres to the ITO surface though interactions between phosphate and 
the metal atoms located at the lattice edges (Figure 27).73-75 The two primary mechanisms of 
attachment depend on the Lewis acid nature of the metal oxide surface. For a strong Lewis acid 
oxide surface, monolayer formation begins though coordination of the phosphoryl oxygen to a 
Lewis acid site located on the oxide surface followed by heterocondensation (Figure 27-1). 
When the oxide surface has less Lewis acid character, monolayer formation first occurs though 
two successive heterocondensation steps (Figure 27-2). The extent to which phosphate can 
adsorb to the surface of an ITO will largely be dependent on the surface characteristics. The 
work performed by Kato et al.76 has demonstrated that phosphate adsorption was higher for 
amorphous ITO surfaces than for polycrystalline ITO surfaces (Figure 28). The results suggest 
that more hydroxyl groups may be present for amorphous ITO surfaces leading to increased 
adsorption. Additionally, the decrease in roughness when moving from polycrystalline to 




     
Figure 27. Two mechanistic schemes for the attachment of a phosphonic acid to a metal oxide. If 
the metal oxide is a 1) good Lewis metal acid, attachment followed by heterocondensation 
occurs If the metal oxide is a poor Lewis metal acid, attachment occurs through two successive 
heterocondensation reactions. Source: Hotchkiss et al. 75 
 
 
Figure 28. An illustration depicting adsorption of phosphate ions between a) amorphous and b) 
polycrystalline ITO surfaces. Phosphate ions adhere more readily to amorphous ITO surfaces 
due to an increased number of hydroxyl groups present and a decrease in surface roughness. 
Source: Kato et al.76 
 
Phosphonates can exist in two anionic ligand forms: a mono-deprotonates (RPO2(OH)-) 




phosphonate derivatives can exist for several inorganic surfaces to include indium-tin oxide.75,77 
This modification occurs through the formation of ionocovalent bonds (P-O-M) though 
condensation of a P-OH and a M-OH surface (Figure 29). Additionally, a P-O-M bond may also 
form though the opening of a M-O-M bridge by a phosphoric acid.78,79 The number of P-O-M 
bonds can also be increased by annealing the ITO at 100-150°C.80,81  
     
Figure 29. A depiction of all the possible ways phosphonic acids can attach to metal oxide 
surfaces. Source: Guerrero et al.78 
 
The reaction conditions and the oxide surface will determine the preferred phosphate 
adsorption mode. For metal oxide compounds, numerous adsorption modes exist.82-84 The 
monodentate and bidentate with electrostatic attraction (Figure 30 a and b) have been identified 
as the major adsorption mode for TiO2 and BaTiO3.85,86 The tridentate mode (Figure 30 d) has 
been observed for ZrO2 and SiO2.87,88 With respects to ITO, bidentate and tridentate absorption 
(Figure 30 c and d) has been observed in X-ray photoelectron spectroscopy and FT-IR 




      
Figure 30. The theoretically determined adsorption scheme for phosphate binding on any metal 
oxide surface. Four adsorption modes exist: monodentate (a), bidentate with electrostatic 
attraction (b), bidentate (c), and tridentate (d). Source: Paramonov et al.82 
 
Adsorption Isotherms can be used to help describe the types of adsorption that can occur. 
The Langmuir isotherm describes the formation of a monolayer on an electrode surface while the 
BET isotherm builds on this concept by incorporating a secondary and tertiary layer. The Slygin-
Frumkin isotherm assumes that there are interactions experienced between adsorbed species. 
These isotherms help to build a picture of how phosponates and thiolates can form monolayers 
on the surface of substrates. A brief discussion of isotherms can be found in Appendix B. 
Methods for ITO SAM Preparation 
Several methods exist for modifying the surface of an ITO electrode by physisorption or 
chemisorption, however, the dipping and tethering by aggregation and growth (T-BAG) methods 
have become popular in recent years. Dipping methods involve the formation of adlayers to the 
surface of an ITO by submersing the electrode in a solvent containing thiolates or phosponates.91-
94 Dipping methods have proven effective with the advantage of functioning in both aqueous and 




adlayer formation that can be removed with carbonate solution or under specific voltages. In 
contrast, the T-BAG method functions as a modified version of the dipping method and has been 
shown to improve the formation of monolayers.  
First proposed by Hanson et al.95 in 2003, the T-BAG method involves submerging an 
electrode in a phosphonic acid solution and allowing the solution to slowly evaporate leaving 
behind a surface with adhered phosphonic acid. Introducing agitation at the air-liquid interface 
helps to facilitate adhesion. Heating the surface to 140°C converts the surface-adsorbed 
phosphonic acid to surface-bound phosphonate (Figure 31). In 2005, Hanson et al.96 utilized the 
T-BAG method for the surface modification of ITO. The group modified the surface with α-
quarterthiophene-2-2phosphoric acid (4TPA) followed by doping the surface of the monolayer. 
The results showed a decrease in the voltage required for device operation. Although SAM 
formation can also be achieved utilizing many other methods such as spincoating97 and spray-
coating,98 the T-BAG method allows an effective and reproducible means of covalently binding a 
SAM to an electrode surface. This bond can occur as a bridge where one phosphonate oxygen 
binds to a single metal atom or as a chelating attachment where two or three phosphonate 





Figure 31. An illustration depicting the T-BAG method. A Si surface is submerged in a 
phosphonic acid solution of either octadecylphosphonic acid (ODPA) or α-quarterthiophene-2-
phosphonate (4TPA). The solution is allowed to evaporate slowly. The Si is then headed to form 
a surface-bound phosphonate. Source: Hanson et al.95  
 
Although it is advantageous to use the T-BAG method for the formation of phosphate and 
thiol monolayers, the completion time has been shown to take up to 48 hours.101,102 To better 
understand the T-BAG process and how attachment time can be shortened, Vega et al.103 
examined the role of humidity on the T-BAG process. Much like the T-BAG method, this 
method utilized the same initial phosphonate adhesion step and the same temperature for 
chemisoption (140°C). However, rather than heating for 48 hours, the sample was heated in 10 
second cycles at 140°C with a relative humidity of < 16%. Analysis by FTIR indicated that the 
SAM layer could be formed in seconds rather than hours. In contrast, relatively high humidity 
environments of > 40% showed no reaction.  
The T-BAG method suffers from a lack of solvent diversity. Publications utilizing this 
method have focused on phosphonates in THF solution; however, the authors do not state why 
THF was used and how organic solvents would differ from aqueous solutions. Additionally, 




and no monolayer formation. Therefore, it would be advantageous to examine the effect aqueous 
solution on the effectiveness of the T-BAG method.  
Scanning Electron Microscopy 
 Scanning electron microscopy (SEM) is a form of microscopy, which uses electron for 
imaging a materials surface.104 Like light microscopes which use light for sample observation, 
SEM uses electrons to create an image. The electrons that are released from the source are 
accelerated toward sample being imaged. The resulting image is generated by detection of 
electrons that are reflected or knocked off near the surface of the sample being imaged material. 
 SEM requires that the sample be under vacuum. This is important for two reasons. First, 
the vacuum helps to preserve critical components like the electron source from contamination, 
vibrations, and noise. Second, under vacuum other atoms and molecules are removed from the 
SEM chamber that would otherwise interact with the electron beam and reduce the quality of the 
sample image.  
 SEM has proven useful in imaging bacteria and virus samples that have been traditionally 
imaged using transmission electron microscopy.105 SEM images help to reveal surface coverage, 
morphological features, and helps determine specimen identification. However, identification of 
microorganisms by SEM requires the samples to be dehydrated to achieve a high degree of 
resolution.106 Dehydration of samples can be conducted with ethanol by successively increasing 
the percentage of the alcohol. However, excessive dehydration can cause damage to a sample 
such as breaking of a uniform biofilm. Additionally, achieving high resolution and magnification 
requires that a conductive surface be used. A conductive surface reduces charging of bacteria and 




To form a conductive surface and reduce the effect of sample charging, sputter coating 
and ionic liquid SEM can be implemented (Figure 32).105,107 Sputter coating SEM requires a 
sample to be coated with a thin film of carbon or metal in a vacuum coater. Dehydration of the 
sample is required before this can be performed. Depending on the film thickness, some finer 
sample details can be obscured. Additionally, dehydration can form wrinkles on microbial cells 
that can be later misinterpreted as new cell features. Alternatively, ionic liquid SEM uses an 
ionic liquid diluted in water to form an electron-lucent conductive surface. High ionic liquids can 
be used in modern SEMs without evaporation occurring. Conducive substrates such as indium tin 
oxide can also be used to prevent charging.  
 
Figure 32. A comparison of between the resolution obtained for sputter coat and ionic liquid 




DEVELOPMENT OF A RP-HPLC METHOD FOR DETERMINATION OF GLUCOSE IN 
SHEWANELLA ONEIDENSIS CULTURES UTILIZING 1-PHENYL-3-METHYL-5-
PYRAZOLONE DERIVATIZATION  
Abstract 
A method was developed and validated for low-level detection of glucose. The method involves 
quantitation of glucose though derivitization with 1-phenyl-3-methyl-5-pyrazolone (PMP) and 
HPLC-DAD analysis. The developed method was found to be accurate and robust achieving 
detection limits as low as 0.09 nM. The applicability of the method was tested against microbial 
samples with glucose acting as a carbon fuel source. The method was shown to be able to 
accurately discriminate and quantify PMP-glucose derivatives within Shewanella oneidensis 
MR-1 samples. The method proved capable at examining glucose usage during the early hours of 
microbial growth, with detectable usage occurring as early as two hours. S. oneidensis cultures 
were found to grow more effectively in the presence of oxygen which coincided with more 
efficient glucose usage. Glucose usage further increased in the presence of competing electron 




presence of ferric iron under microaerobic conditions. Such samples reached exponential growth 
approximately two hours sooner than aerobic samples. 
Introduction 
Microorganisms can utilize organic material to facilitate culture growth, which can 
include simple organic carbons such as acetate, lactate, fumarate and, to a lesser extent, 
carbohydrates such as glucose.5,6,108 Understanding the relative use of these substances may be 
important in a wide range of fields, one example of which is the use of a carbon source by 
bacteria for microbial fuel cell development.  
Most methods are individual to the carbon source and may involve a wide number of 
strategies. In the case of glucose common methods include glucose assays,109 copper-iodometric 
methods,39 mass spectrometry,110 and chromatographic methods to include gas chromatography 
and high-performance liquid chromatography (HPLC).111-113 Glucose assays are among the 
fastest and simplest forms of analysis. They suffer, however, from high cost with numerous 
samples and are limited to one or only a few reducing sugars. Furthermore, a survey of glucoses 
assays available from leading manufacturers showed method sensitivities as low as 1 µM 
limiting their use for biological detections.114-117 
HPLC methods allow for a decrease in cost when testing numerous samples and for 
quantitation of various reducing sugars either individually or simultaneously. An increasing 
popular LC method involves the use of derivatizing reducing sugars like glucose with 1-phenyl-
3-methyl-5-pyrazolone (PMP) (Figure 8). First proposed by Honda et al.42 the method involves 
directly reacting PMP with a reducing sugar under basic conditions to form a PMP-reducing 
sugar derivative that can be used for observing multiple reducing sugars simultaneously in the 




include unicellular algae,45 the usefulness of the method for analysis of bacterial cultures has not 
been examined. Many current methods of PMP derivatization suffer from long retention times 
exceeding 25 minutes and inconsistent reaction times ranging from 30-120 minutes. Further, 
many methods suffer from a lack of full validation for LC methods set by such governing agency 
as the International Council on Harmonisation of Technical Requirements for Pharmaceuticals 
for Human Use (ICH).118,119 Proper method validation would improve method robustness and 
repeatability.  
In this study, a modified PMP method was developed for examining glucose. The method 
focuses on achieving decreased run times, improved method robustness through method 
validation, and achieving lower detection limits not previously seen in similar works. The 
applicability of the method was tested using the microorganism Shewanella oneidensis MR-1 
and examines the rate of glucose consumption by the microbe over time. Several publications 
attempted to address the ability of Shewanella to utilize glucose utilizing different instrumental 
determinations of glucose. Work conducted by Nakagawa et al.120 utilized a genetically altered 
Shewanella strain and enzymatic assays for glucose measurements. Howard et al.38 also utilized 
a mutated Shewanella strain, however, the group incorporated LC method with refractive index 
(RI) detection for glucose detection. Likewise, Choi et al.15 also incorporated the use of LC and 
RI detection of glucose used by a mutated Shewanella strain. Rosenbaum et al.121 used a wild 
type from of Shewanella and HPLC with pulsed amperometric detection (PAD) for quantifying 
glucose in growth cultures. Although these works have demonstrated that refractive index 
detectors can detect glucose in growth media, RI detectors suffer from limited sensitivity and 




S. oneidensis was chosen as the model for three reasons. Firstly, the organism, in general, 
is of intense interest due to its utilization in microbial fuel cells.8-,19,3,122,123 S. oneidensis is a 
facultative anaerobe used in microbial fuel cells (MFC), and has been shown to be well adapted 
at using small carbon compounds as a fuel source.124,125 The microbe has shown difficulty 
utilizing larger carbon compounds like glucose primarily due to a lack of key enzymes required 
for glycolysis.38,13,14,26,16,17 However, some research has suggested Shewanella can utilize glucose 
when the microbe is allowed to condition in a glucose containing solution, or when the microbe 
has adapted it metabolism to an oxygenated environment prior to growth.37 Secondly, the use of 
PMP derivatization and HPLC analysis has not been previously seen for tracking carbohydrate 
utilization by S. oneidensis. Finally, current literature has focused on the utilization of glucose 
over an extended growth window. Few publications have focused on examining the use of 
glucose during early (0-15 hours) microbial growth and at which point glucose utilization begins.  
Materials and Methods 
Standards and Reagents 
 The mobile phase organic solvent acetonitrile was purchased from Fisher Chemical and 
was of HPLC grade. Potassium phosphate dibasic was purchased from Sigma-Aldrich and was of 
ACS grade. The glucose standard was purchased from Fisher Chemical and was of ACS grade. 
The derivatizing reagent 1-phenyl-3-methyl-5-pyrazolone (PMP) was purchased from Sigma-
Aldrich and was of ACS grade. The tryptic soy broth (TSB) growth medium was purchased from 
Sigma-Aldrich and was of microbiology grade. Iron oxide and iron chloride were purchased 
from Fisher Chemical and were of reagent grade. The Shewanella oneidensis MR-1 microbe 






The method development and validation experiments were performed using an Agilent 
Technologies 1100 Series HPLC system equipped with a quaternary pump, auto sampler, and a 
diode array detector. The chromatographic data were obtained using Agilent Technologies 
ChemStation for LC Rev.A10.02[1757] software. The column used was a YMC-Pack ODS-AQ 
with a column length of 150 mm, an inside diameter of 4.6 mm and a particle size of 3 microns.  
Preparation of Standard Solutions and Samples 
Stock solutions. Solutions of PMP were prepared by dissolving 87 mg of PMP in 1 mL 
of methanol to yield a 0.5 M stock solution of PMP-methanol. Glucose stock solutions were 
prepared by dissolving 0.125 g of glucose in 50 mL of deionized water to yield a 0.0139 M stock 
solution of glucose. The appropriate aliquot of 0.0139 M glucose stock was used for all other 
stock solution preparations. Solutions of TSB were prepared by dissolving 30 g of TSB in 1 L of 
deionized water. All TSB solutions were autoclaved after preparation. For TSB containing ferric 
iron, both soluble and insoluble iron was first dissolved in the TSB prior to incubation.   
Standard solutions. Standards of PMP-glucose were prepared by combining 800 µL of a 
0.0139 M solution of glucose with 800 µL each of 0.5 M NaOH and 0.5 M solution of PMP in 
methanol to yield a solution at a pH of 13. The reaction was carried out at 70°C with agitation 
every 30 minutes. After derivatization, the solution was neutralized at 4°C with 800 µL 0.5 M 
HCl. Reaction impurities were extracted using 2 mL of dichloromethane. The solution was 
mixed vigorously for 30 seconds and centrifuged at 4°C and 5000 rpm for 5 mins. The 
dichloromethane extraction was repeated twice more for a total of 3 extractions. The upper 




Sample solutions. The TSB was prepared by autoclaving 80 mL of the growth media. 
Media designated as microaerobic was purged with nitrogen gas as the media cooled to room 
temperature. Media designed as aerobic was saturated with oxygen gas for 10 minutes. The 
samples were prepared by adding 1 mL of a S. Oneidensis MR-1 containing solution to the 80 
mL of autoclaved TSB. The microaerobic flasks were sealed with a septa cap to prevent 
additional oxygen exposure while aerobic flasks were covered with foil. Samples were placed in 
an incubator set at a temperature of 30°C and a shake speed of 150 rmp. The samples were set to 
grow for 15 hours with sampling occurring throughout the growth period.  
S. oneidensis samples. The analysis of glucose occurred utilizing a single growth 
culture. Samples extracted from a single culture over a 15-hour incubation period exhibited 
greater reproducibility when compared to sampling a new culture for every hour of analysis. 
Additionally, utilizing a single growth culture allowed for samples to be collected every 15-30 
minutes when samples exhibited exponential growth. All results were replicated with a second 
growth culture. Microbial growth was normalized, and the glucose utilization was averaged. 
 Microbial samples were inoculated in 80 mL of TSB and allowed to incubate under 
microaerobic and aerobic conditions for 15 hours at 30°C. At various intervals over the growth 
period, the growth of the microbe was determined by examining its turbidity at 650 nm, and 1 
mL of growth media was collected for analysis by HPLC. Growth media samples were 
derivatized and examined by HPLC in the same manner as the method development and 







Results and Discussion 
Optimization of Chromatographic Parameters 
Wavelength selection. The wavelength used for the detection of PMP-glucose was 
selected by the analysis of glucose, PMP, and PMP-glucose on an offline UV detector. The λmax 
for PMP- glucose was selected to be 245 nm. The UV spectrum of PMP-glucose using a DAD 
was used as further evidence for the location of the PMP-glucose peak in sample 
chromatograms.  
Reaction optimization. The optimal reaction time for the derivatization was performed 
by multiple reactions ranging from 30 to 150 min. Reaction mixtures were injected and the peak 
areas were determined and plotted against the reaction time (Figure 33). The optimal reaction 
time was determined to be 90 minutes, when an increase in the PMP-glucose peak area was no 







Figure 33. Peak area of PMP-Glucose as a function of derivatization reaction time. The peak area 
of PMP-Glucose remains constant after 90 minutes indicating that the reaction has reached 
completion.  
 
Column selection. Both reversed-phase and normal-phase columns were tested for 
method development using a mobile phase consisting of 15 mM potassium phosphate dibasic pH 
7.2 and ACN. Selection of the appropriate column was determined by injecting a sample of 
PMP-glucose and observing the overall separation and peak characteristics. Based on the 
analysis of six C18, two amino, and two phenyl columns, a YMC-Pack ODS-AQ (150 x 4.6 mm, 
3 µm) column was selected which provided a uniform peak with adequate resolution. A 3 µm 
YMC guard column with a 4.0 mm inside diameter was used to prolong the life of the column.  
Gradient selection. The separation of PMP-glucose from the corresponding matrix was 
of interest. This was achieved utilizing a segmented gradient which consisted of 15 mM 




This gradient provided a reasonable retention time of 16.7 min with significant resolution 
between the peak of interest and the sample matrix (Figure 34a and 34b).  
 
Figure 34. Representative chromatograms for a) blank TSB growth media and b) TSB 








Table 4. Segmented Gradient Profile  
 Percent composition 
Time (Min) Eluent A Eluent B 
0 90 10 
9 86 14 
30 36 64 
35 36 64 
 
Method Development 
 Development of the method focused on maximizing the peak area and theoretical plates 
while achieving adequate resolution. Optimization of the method parameters examined the effect 
of varying injection volume, flow rate, temperature, and buffer pH and ionic strength. Based on 
these studies, the optimal method parameters were selected (Table 5). The method showed a 
substantial decrease of 10-15 minutes in run time when compared to many other PMP methods.  
Table 5. Summery of Method Parameters 
Column YMC Pack ODS-AQ (150 x 4.6 mm, 3 µm) 
Injection Volume 5 µL 
Mobile Phase Eluent A: 15 mM K2HPO4 pH 7.2 
Eluent B: 100 % ACN 
Flow Rate 1 mL/min 
Column Temperature 29.5°C 
Wavelength 245 nm 
Run Time 35 min 
Equilibration Time 10 min 
 
The decrease in retention time can be attributed to two factors. The column used was 100 
mm shorter and had a smaller particle size than those used by other works.44,45,47,50 More 
importantly, the mobile phase was changed to a phosphate buffer as opposed to the commonly 
seen acetate buffer. The result is a weaker interaction between PMP-glucose with the stationary 




decreased the retention time of PMP-glucose. Method development results can be found in 
Figure S2-S6. 
Method Validation 
System suitability. To ensure reliability of the developed method, five injections of an 
8.33 mM PMP-glucose sample were performed. The separation parameters were evaluated for 
each injection to ensure the resolution and reproducibility of the system was adequate (Table 6). 
Based on the acceptance criteria for each parameter, it was determined that the selected method 
parameters were acceptable. 
Table 6. System Suitability Study 
Parameter Acceptance Criteria Mean Values (n=5) 
Plate Number ≥ 2000 399586 ± 39.7 
Tailing Factor (Tf) 0.9 ≥ Tf ≤ 2 1.242 ± 0.00242 
Resolution ≥ 1.5 7.213 ± 0.0004 
% RSD Retention Time ≤ 2% 0.0299 ± 0.0005 
% RSD Peak Area ≤ 2% 1.97 ± 0.0835 
% Drift Peak Area ≤ 2% 1.09 ± 0.0604 
 
Specificity. Specificity studies were performed to ensure no co-eluting impurities with 
the peak of PMP-glucose. Forced degradation was performed as part of the peak purity 
studies.118,119,126 Samples of 1 mL PMP-glucose were subjected to acid and base degradation 
using 1 mL of various concentrations of HCl and NaOH. The degraded solutions were 
neutralized with the appropriate acid or base. Oxidation degradation was assessed using l mL of 
various percentages of hydrogen peroxide. Additionally, l mL of PMP-glucose was subjected to 




HPLC. The results showed the greatest degradation occurring under 3 M NaOH and HCl as well 
as 0.001% hydrogen peroxide.  
The determination of peak purity was conducted by combining 100 µL of the samples 
subjected to 0.001% H2O2, 3 M NaOH, and 3 M HCl degradation and injecting this mixture into 
the HPLC system. Successive scans of the PMP-glucose peak were conducted and overlaid to 
determine the purity. From these scans, PMP-glucose peak was determined to have a purity of 
99.9%. This value is well within the acceptance criteria of 99%. These results indicate that 
impurities within the reaction mixture will not interfere with the PMP-glucose peak. 
Robustness. The robustness of the method was tested to measure its capacity to remain 
unaffected by small variations in the method parameters. Robustness was particularly focused on 
the resolution of PMP-glucose from adjacent peaks. Small variations in the method parameters 
were studied by deliberately changing the wavelength, flow rate, buffer pH and ionic strength, 
and the temperature of the column. Acceptance criteria for method robustness have not been set 
by the ICH, therefore a lower specification limit (LSL) of 1.5 (baseline resolution) was 
established as the acceptance criteria. After testing each condition in triplicates, the study 
showed the method was unaffected by small variations in method parameters and therefore is 
considered robust (S1 Table). 
Limit of quantitation and detection. The limit of quantitation (LOQ) and the limit of 
detection (LOD) for the method were determined by measuring the magnitude of the PMP-
glucose peak height to the magnitude of the baseline noise (S/N). A S/N ratio of 10 is acceptable 
for the LOQ and 3 for the LOD. The LOQ was found to be 0.2 nM with a S/N ratio of 9.8, and 
the LOD was found to be 0.09 nM with a S/N ratio of 3.7. The values for LOQ and LOD were 




than the lowest known LOD for glucose utilizing similar instrumentation.10 The lower detection 
limit can be attributed to the use of a column with a particle size of 3 microns when compared to 
the 5 microns used for other works. Reducing the particle size resulted in an increase in 
theoretical plates and sharper PMP-glucose peak.  
Linearity and range. Linearity studies were conducted to measure how well a 
calibration plot of peak area versus concentration approximates a straight line. Several glucose 
concentrations covering the range of 16.65 mM to 0.2 nM (the LOQ) were tested. The expected 
maximum glucose concentration within a sample was 13.87 mM (2.5 g/L). The upper range 
corresponds to 120% of the maximum glucose concentration within TSB while the lower limit 
was set to the limit of quantitation, 0.2 nM. A linear regression equation was then processed 
along with a correlation coefficient (Figure S1). The correlation coefficient of 0.999 meets the 
acceptance criteria of ≥ 0.999. The calculated percent bias was determined to be 0.65% meeting 
the ICH guideline of NMT ± 3% indicating the results are not forced though the origin.  
Accuracy. The accuracy of the method was determined by investigating how closely the 
test results reflect the true value. The accuracy was conducted by preparing 3 samples of PMP-
glucose in the range of 0.5 to 2.5 g/L. All 3 samples were performed in triplicates. Based on the 
linear regression equation, the recovered concentrations were calculated. The percent recovery 
fell within the acceptance range of 98-102% (S2 Table). 
Precision. The injection precision for the method was tested to measure how similar the 
results are with repeated injections. A 2.5 g/L sample of PMP-glucose was prepared and injected 
six times. After averaging the peak areas, a percent RSD of 0.093% was calculated. This value is 




The method precision was conducted to measure how similar the results are among 
separate stock solutions. Six samples of PMP-glucose were prepared from separate stock 
solutions at a concentration of 2.5 g/L and diluted to 1.5 g/L. After injecting each sample, the 
peak areas were average together and a percent relative standard deviation of 0.16% was 
calculated (S3 Table). This value meets the acceptance criteria of a percent RSD ≤ 1.5 %. 
Method Application 
 The applicability of the method was investigated through the quantitation of glucose 
consumed by S. oneidensis during early growth development. Cell cultures were grown for 15 
hours. The turbidity of the cultures was measured at 30 to 60 minute intervals. The optical 
density achieved was dependent on the growth conditions (Figure 35a). The maximum growth 
was highest under aerobic compared to microaerobic conditions with oxygen rich cultures 
exhibiting 5 times the turbidity achieved by their oxygen deficient counterparts. The optical 
density disparity between the microaerobic and aerobic cultures correlates to the use of glucose 
by S. oneidensis (Figure 35b). Aerobic cultures utilized the most glucose after 15 hours. The 
addition of oxygen in the growth media resulted in a 2-fold increase in glucose utilization 
compared to microaerobic cultures. Microaerobic cultures containing Fe(III) as the predominate 
electron acceptor exhibited a more rapid onset of exponential growth compared to all other 
growth conditions (Figure 36a). These results agree with S. oneidensis’s ability to use various 
terminal electron acceptors to sustain growth.2,10,18 Additionally, this early onset correlates to the 





Figure 35. A comparison of a) S. oneidensis growth to b) the microbe’s utilization of glucose 
after 15 hours and c) after 2 hours of initial growth. Glucose usage increases with increasing 





Figure 36. Normalized results for a) optical density and b) glucose usage. The onset of 
exponential growth appears sooner for microaerobic samples containing ferric iron in the growth 
media, which also correlates to the time at which glucose utilization becomes more rapid.  
 
The strength of the method is apparent when examining culture samples grown for two 
hours. Of the six culture types, the method could detect glucose across all but the microaerobic 
culture (Figure 35c). Measured glucose usage after five hours ranges between 9 to 40 mg/L. 
Comparable utilization times have not been reported in previous glucose studies.15,38,120 
Interestingly, the method revealed an ability of S. oneidensis to utilize a combination of electron 




with those proposed by Choi et al.15 and Serres and Riley13 indicating that S. oneidensis can grow 
in the presence of glucose only once oxygen is present within the media environment. When 
oxygen is limited, S. oneidensis exhibited stunted growth regardless of the presence of ferric 
iron. Further evidence for stunted growth comes when examining the two-hour growth cultures. 
Microaerobic cultures, except for those cultures containing iron chloride, did not register glucose 
usage suggesting the microbe has difficulty using glucose under these conditions.  These results 
may indicate that oxygen is the preferred electron acceptor, and that the use of glucose when iron 
chloride is present may occur though a separate metabolism.  
Conclusions 
An accurate and robust method was developed for analysis of glucose by derivatization 
with 1-phenyl-3-methyl-5-pyrazolone (PMP). The developed method focused on achieving low 
detection limits and reduced run times when compared to similar works. The applicability of the 
method was tested on microbial samples and was shown to be capable in determining the levels 
of glucose throughout the growth of Shewanella oneidensis MR-1. The developed method was 














EXPLORING THE ELECTROCHEMICAL CHARACTER OF A FLAVIN 
MONONUCLEOTIDE MONOLAYER ON AN INDIUM TIN OXIDE ELECTRODE  
Abstract 
The electrochemical characterization of a flavin mononucleotide monolayer (FMN) on an 
indium tin oxide electrode (ITO) was performed in order to better understand its usefulness in 
microbial fuel cells (MFC). Two competing mechanisms were observed. At fast scan rates a 
putative EE mechanism is observed while an EC mechanism predominates at low scan rates. The 
monolayer showed a decreased impedance and resistance to charge transfer when compared to 
its bare ITO counterpart. Annealing the FMN-ITO electrode resulted in the formation of a new 
redox couple. Both the EC and the new redox couple have not been previously seen in past 
works. The hydrophobicity of the ITO surface decreased with the formation of the FMN 
monolayer. The properties exhibited by the FMN-ITO electrode proved encouragement for use 
in increasing MFC efficacy.  
Introduction 
Flavin mononucleotide (FMN) has been of interest in the field of microbial fuel cells (MFC) for 
its role as an electron mediator molecule between the surface of such microbes Shewanella 
oneidensis (SO) and a working electrode.8,127,128 The addition of soluble FMN to a MFC 
containing SO has demonstrated increased current response.129 FMN and analogous compounds 
have been shown to adhere to oxide electrode surfaces forming a stable monolayer. Interestingly, 




SO.130 The formation of an FMN monolayer on an ITO surface is, therefore, an interesting 
avenue of exploration and may be beneficial to increased MFC efficacy. Unfortunately, little has 
been reported on the exact electrochemical nature of an FMN monolayer on the oxide electrodes.   
Several electrodes have been explored for use in MFCs to include carbon rods and 
graphite.59 However, the transparent conducting oxides (TCO) indium tin oxide (ITO) is an 
interesting electrode that has been utilized in recent years. Characterized by a large fundamental 
band gap greater than 3.3 eV, ITO materials display optical transmission throughout the visible 
region.131-134 Additionally, ITO have been shown to have high electrical conductivities making 
the material useful as a working electrode.72 For the purposes of monolayer formation, the oxide 
nature of ITO allows for adhesion of a self-assembling monolayer (SAM) on the surface of ITO 
occurs though interactions with metal ions (Lewis acid) and hydroxyl groups (Lewis base) 
located as the electrodes surface through condensation and hydrogen bonding mechanisms.75-78 
This attachment can occur via phosphonic acid (PA) attachment. The attachment of PAs occurs 
in multiple configurations to include mono-, di-, and tridentate formations.80,82 Modification of 
ITO with PAs result in a change to the effective work function at the ITO-SAM interface.94,96,135-
138  
SAM formation on the surface of ITO primarily revolves around long chain aliphatic and 
aromatic compounds. Consequently, methods for the formation of these SAMs include the use of 
organic solvents, the simplest of which involves dipping ITO in a solvent containing a PA for 
several hours.91,95,139 This dipping method results in a layer that is often governed by 
physisorption, and results in layers that are not strongly attached. The tethering by aggregation 
and growth (T-BAG) method has become popular in recent years. It consists of evaporating an 




dipping method, the T-BAG method requires less time for SAM formation by employing 
evaporation of the organic solvent though surface aggregation of the solvent with nitrogen gas. 
Solvent evaporation would prove more difficult when utilizing aqueous solution for SAM 
formation. Heating the SAM-ITO results in the conversation of a physiosorbed PA to a 
chemisorbed layer with much stronger attachment. This conversion requires heating for up to 48 
hours. Alternatively, some research has shown chemisorption to occur more rapidly when the 
humidity of the annealing step is controlled.103 
Although SAM formation using phosphonate-containing compounds has been 
extensively studied, work concerning FMN monolayer formation on ITO and its characterization 
has been limited. The work conducted by Forget et al.141,142 developed an aqueous method for the 
attachment of FMN. The method, like the dipping method, requires that the electrode surface 
remain submerged in an FMN containing solution for 15-20 hours. The researchers found that 
chemisorption of FMN on ITO can be achieved without an annealing step when the electrodes 
surface has high hydroxyl coverage. Additionally, the extent of surface hydroxyl groups affected 
the amount of FMN adsorption with higher hydroxyl coverage exhibiting lower adsorption. FMN 
SAM formation on various other working electrodes has been investigated. Ivanova and 
Karyakin examined monolayer formation on glass carbon disk electrodes. This work showed the 
formation of electropolymerization of flavins through electrochemical deposition.143 The bulk of 
research, however, has focused on the attachment and electroactive nature of flavin adenine 
dinucleotide (FAD) on various working electrodes.144-150 
In the present study, an FMN monolayer was formed on the surface of ITO. The main 
emphasis of this work is to characterize the monolayer with respects to the rate and mechanism 




present study demonstrates two scan rate dependent mechanism not previously seen. 
Additionally, the present study is the first to illustrate the effect of annealing on FMN modified 
ITO electrode.  
Materials and Methods 
Substrate Preparation 
 ITO on glass with a layer thickness of 300 nm ± 20 nm and a sheet resistivity of ≤ 6 Ω/sq 
was purchased from Thin Film Devices Inc. The ITO electrodes were cleaned by successive 
sonication in 1% Triton X-100 and 91% isopropyl alcohol for 15 minutes. Cleaned ITO 
electrodes were dried by N2 gas and stored dry. 
SAM Formation 
A home build electrochemical cell was used for monolayer formation. The cell was 
designed so that deposition of the FMN monolayer occurred at the center of the electrode leaving 
the ITO ends unmodified and available for coupling to a potentiostat. FMN was deposited on 
ITO by passing a continuous stream of an aqueous 5 mM FMN (pH 5, 25°C) across the surface 
of the electrode for 15 hours.141 This solution was passed across the ITO at a 90° angle to 
eliminate adhesion of FMN due to gravity deposition. Electrodes designated for annealing were 
heated at 140°C for 48 hours following SAM formation.  
Electrochemical Measurements  
 Electrochemical experiments were conducted in a solution of 15 mM potassium 
phosphate dibasic buffer (pH 7) and 85 mM sodium chloride electrolyte. Cyclic voltammetry and 
electrochemical impedance spectroscopy (EIS) measurements were performed using a BASi 
PalmSens4 electrochemical interface utilizing PSTrace software (Ver. 5.6), and an 




working electrode (electroactive area 4.5 cm2), Ag/AgCl (sat’d NaCl) reference electrode, and a 
platinum wire counter electrode. EIS measurements were conducted at a fixed potential utilizing 
a -0.45 DC potential, a 0.1 AC potential, and scanning from 100 kHz to 1 Hz. The system was 
allowed to equilibrate for 5 seconds before each experiment.  
Contact Angle Measurements  
 Contact angle measurements were obtained using a Veho Discovery microscope. A 50 uL 
droplet of DI water was placed on each electrode and imaged. The contact angle between the 
electrode surface and droplet was measured in triplicate.  
Results and Discussion 
 Adsorption of FMN to ITO 
 CV measurements were conducted after exposure of FMN to ITO (Figure 37, Orange). 
After 15 hours of FMN exposure, a distinct redox couple can be observed with an E1/2 of -0.45 V 
and is consistent with the formal potential of for FMN on various electrode surfaces. Full width 
at half maximum (FWHM) shows a potential separation for the reduction and oxidative waves to 
be -110 mV and -140 mV, respectively. These values deviate from traditional Nernstian behavior 
for a one (90.6 mV) and a two (45.3 mV) electron transfer process, however, the results agree 
with previously reported values for FMN and Flavin adenine dinucleotide monolayers.141,151-153 
This substantial deviation from Nernstian behavior has been attributed to two successive 1 
electron events involving the formation of a semiquinone intermediate as described by the 
following putative EE mechanisms, 
𝐹𝑀𝑁 +  𝑒! ⇌  𝐹𝑀𝑁  ∙ !      𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 11 




 Additionally, uneven distribution of formal potential within the monolayer resulting from 
disorganization of FMN at the ITO surface and repulsive forces between neighboring FMN 
molecules may play a role in peak width.154,155  
  
Figure 37. A representative sample of cyclic voltammograms taken at 1 V/s. A bare ITO 
electrode (gray) exhibits no faradaic current due to the absence of the FMN monolayer. 
Monolayer formation results in a redox couple with a formal potential of -0.45 (orange). 
Annealing the monolayer results in a new redox couple with a formal potential of -0.25 V (blue). 
 
 Annealing of an FMN modified ITO electrode resulted in the formation of a new redox 
couple with an E1/2 centered at -0.25 V (Figure 37, Blue). The resulting CV showed a decrease in 
the redox couple observed for a non-annealed electrode. To our knowledge, the formation of a 
new redox couple has not been previously reported.  
Effect of Scan Rate 
 The mechanism of electron transfer for the FMN monolayer was shown to vary with scan 
rate (Figure 38). At fast scan rates (above 0.3 V/s) the two successive 1 electron transfer events 
described by reactions 1 and 2 and discussed in the previous section are predominate.  As the 




absent at scan rates below 0.1 V/s and indicates an electron transfer followed by a chemical 
reaction (EC mechanism), 
𝐹𝑀𝑁 +  𝑒! ⇌  𝐹𝑀𝑁  ∙ !      𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 13 
𝐹𝑀𝑁 ∙! → 𝑃𝑟𝑜𝑑𝑢𝑐𝑡           𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 14 
These results suggest that at higher scan rates, the rate of electron transfer becomes fast enough 
to outrun the following chemical reaction occurring at slower scan rates. These results have not 
been previously reported for FMN or similar flavin monolayers. 
 
Figure 38. The effect of scan rate on the redox couple of a FMN monolayer on ITO. At low scan 
rates an EC mechanism is present with an observable reduction wave and the absence of an 
oxidation wave. At high scan rates, an EE mechanism is present with an observable redox 
couple.  
 
 Supporting evidence for a putative EE and EC mechanism is evident when a wide range 
of scan rates are tested (Figure 39). Figure 3 illustrates the formation of an isopotential point 
(IPP) at -0.54 V. An IPP occurs when an electroactive species undergoes a quantitative 
transformation into another electroactive species.156-159 This would support the putative EE 




below 0.3 V/s the IPP does not exist suggesting the product formed form the EC mechanism, 
expressed in equations 3 and 4, is not electrochemically active. 
 
Figure 39. An overlay of cyclic voltammograms for an FMN monolayer on ITO. At high scan 




 To test the stability of the FMN monolayer, successive CV experiments were conducted 
for 30 minutes at 0.3 V/s and the changes in the redox couple was observed (Figure 40). As the 
number of scans increase, a substantial decrease in the reduction wave was observed which 
corresponded to an increase in the oxidative wave. This would indicate that the initial 
concentration of FMN in its oxidized state decreases with time. Furthermore, the change in the 
oxidative current is less than the change in reduction current suggesting that reduced FMN has 





Figure 40. The stability of an FMN monolayer on ITO tested through repeated scans for 30 
minutes. a) Initially a large degrease in the reduction wave is observed coupled to an increase in 
the oxidation wave. b) The reduction and oxidation wave decrease after 2.5 minutes with the 
reduction peak decreasing to the greatest extent.  
 
FMN Surface Coverage 
 The surface coverage of FMN on ITO was determined using the integrated area under the 
reduction peaks for a non-annealed and annealed FMN-ITO. For a non-annealed ITO, a value of 
60.5 ± 3.18 pmol cm-2 was obtained while a value of 52.3 ± 1.58 pmol cm-2 was calculated for 
the annealed ITO. These values are slightly lower than the reported 68 pmol cm-2 of FMN on 
glancing angle deposition ITO electrodes and the 76 pmol cm-2 of FMN on commercial build 
ITO electrodes.142 This discrepancy can be attributed to surface characteristics of ITO electrodes 
to include the amorphous nature, extent of metal oxide sites available for adsorption, film 




 Surface coverage data was used to determine to what extent the new redox couple that 
results from annealing is converted from the neighboring couple located around E1/2 -0.45. For 
this, the oxidative wave was used since it contained the more resolvable portion of the new redox 
couple. The total integrated area for the oxidative wave corresponded to 20.4 ± 1.75 pmol cm-2 
and 9.43 ± 1.37 pmol cm-2 for the non-annealed oxidative wave and the combination of annealed 
oxidative waves, respectively. Because the amount converted is drastically different from the 
initial coverage, some of the FMN monolayer was likely to have been converted into a non-
electroactive species.  
Double-Layer Capacitance 
 The double-layer capacitance (CDL) of the system was determined from CV experiments 
conducted at 0.3 V/s (Figure S7). At this scan rate the FMN redox couple clearly exhibits EE 
mechanistic character as demonstrated in Figure 42 and 43. Examining the non-faradaic current 
at 0 V, the CDL for all three electrode types was determined by dividing the capacitive box by 2 
and then dividing by the electroactive surface area of the electrode. The CDL of an FMN 
modified ITO was shown to increase when compared to a bare ITO electrode. CDL increased 
further after annealing the modified ITO. These results indicate that the FMN-ITO has a greater 
capacity for charge storage over its bare ITO counterpart.  
Impedance and Charge-Transfer Resistance 
 EIS experiments were used to determine the electrochemical impedance (Z) at the FMN-
ITO interface. Nyquist plots obtained for all three-electrode types showed a decrease in 
impedance after modification of the ITO with FMN (Figure 41 & Figure S8). Consequently, the 
decrease in impedance coincides with a decrease in charge transfer resistance (Rct) at the FMN-




electrode indicating the decrease in Z and Rct resulted from changes at the FMN-ITO interface 
and not the bulk solution. After annealing, Z and Rct was shown to increase. This may be due to 
molecular rearrangement of the FMN monolayer. For the purposes of MFCs, electron transfer at 
the FMN monolayer may be enhanced due to the decreased impedance and charge transfer 
resistance, and, in turn, would increase the ease of electron transfer. 
 
Figure 41. A Nyquist plot for FMN monolayer on ITO. A bare ITO (green) results in the greatest 
impedance and charge transfer resistance. Formation of the FMN monolayer (red) drastically 
decreases impedance and charge transfer resistance.  
 
 Examining the low frequency region (right side) of the Nyquist plot, mass transfer can be 
observed. Typically, mass transfer diffusion is represented as a 45° angle for classical Warburg 
diffusion for a semi-infinite system.160-162 However, the mass transfer diffusion for both non-
annealed and annealed ITO showed an angle of 6°, substantially less than 45°. This suggests 
unequal diffusion of surface adsorbed FMN.163-165 Possible sources of diffusion include 




functional group to and from the ITO surface, and lateral diffusion of adsorbed FMN. The latter, 
however, would be unlikely in the case of FMN chemisorption to the ITO surface.  
Contact Angle Measurements  
 Contact angle measurements for each electrode were conducted by imaging a 50 uL 
droplet of DI water placed on the bare ITO and monolayer surfaces (Figure 42). Measuring the 
contact angle of this droplet showed an angle of 70° ± 0.12 for a bare ITO. This angle decreased 
substantially to 42° ± 0.1 and 40° ± 0.21 for a non-annealed and an annealed ITO, respectively. 
Such a decrease in the contact angle is indicative of increased hydrophobicity at the electrode 
surface. For MFC, some electroactive bacteria such as SO have been shown to have hydrophilic 
character and may prefer the new hydrophilic surface created by the FMN monolayer.166 This 
would allow the bacteria to enhance either direct or mediated electron transfer as the distance 





   
Figure 42. Contact angle measurements of water droplets on a bare (A), non-Annealed (B), and 
Annealed (C) ITO. Formation of the FMN ITO lowers the contact angle by ≈ 30°. 
 
Conclusions 
A monolayer of FMN was successfully applied to ITO electrodes and its characteristics were 
determined. The monolayer showed EC mechanistic character at scan rates below 0.3 V/s while a 
putative EE mechanism was observed at scan rates above 0.3 V/s. Furthermore, as the scan rate 
increased above 0.3 V/s an IPP was observed suggesting the reduced FMN species is converted 
into an electroactive oxidized species. An IPP was not observed below 0.3 V/s providing 
evidence that the reduced FMN does not become an electroactive species when the scan rate is 
reversed. Annealing of the monolayer resulted in the formation of a new redox couple not 
observed with similar monolayers. The FMN monolayer resulted in a decreased resistance to 




bare ITO electrode. These results provide a positive outlook for the use of an FMN-ITO 

























EXPLORING MICROBIAL FUEL CELL ENHANCEMENT THROUGH ELECTRODE 
MODIFICATION WITH FLAVIN MONONUCLEOTIDE UTILIZING SHEWANELLA 
ONEIDENSIS AS A MODEL MICROORGANISM 
Abstract 
An FMN modified ITO electrode is explored as a means of increasing current density in 
MFCs. The enhancement of electron transfer is explored through the poising of Shewanella on 
the modified electrode in the potential range of +0.6 to -0.6 V. Cyclic voltammetry studies 
performed immediately after poising results suggest catalytic election transfer occurs when 
Shewanella utilizes the FMN monolayer. Outer membrane protein reduction is absent in cyclic 
voltammetry following poising indicating direct electron transfer is blocked when the FMN 
monolayer is present. Current density is shown to increase as the poising potential becomes more 
negative with a maximum current achieved at -0.2 V. This increase in current density correlates 
to a decrease in impedance and charge transfer resistance with -0.2 V having the lowest overall 
initial impedance.  
Introduction 
Microbial fuel cells (MFCs) are of particular interest in the field of renewable energy due to their 
ability to produce electricity from microorganisms.1-3 This can be achieved when a 
microorganism transitions from using a soluble electron acceptor such as oxygen to an insoluble 




some MFC producing as much as 175.5 W/m2.167 To examine the efficiency of a MFC, many 
publications have explored the microorganism Shewanella oneidensis (SO) as a model 
 SO is a gram-negative facultative bacterium classified as electroactive due to its ability to 
produce electrons for transfer to several electron accepters.26 SO can transfer these electrons 
through direct contact of outer membrane (OM) proteins and pili and through mediated electron 
transfer. Interestingly, SO has been shown to secrete it’s own redox-mediating molecule flavin 
mononucleotide (FMN). Increased concentrations of FMN have shown to increased current 
production in SO containing MFCs.127,168 
 The reported attachment of SO to an electrode varies by publication. The electrode 
poising potential is a major factor in this attachment. The material used for the working electrode 
(WE) also plays a role.  Electrode materials have included graphite, glassy carbon, and indium 
tin oxide (ITO).59,128 ITO electrodes have been used in a verity of works due to its transparent, 
conductive, and oxide surface characteristics. Interestingly, the oxide surface of ITO is ideal for 
monolayer formation by phosphonic acid containing compounds to include FMN.75,141  
A survey of electrodes used throughout the literature suggests optimal posing potentials 
in the wide range of +0.71 to -0.4 V.29-33 Previous research has suggested that SO expression of 
OM protiens is greater at positive poising potentials.27 The increase in OM proteins allows for 
direct electron transfer (DET) to be preferred at positive potentials. However, the efficiency of 
SO at negative potentials has resulted in conflicting reults.28 Despite contradicting results, some 
data has suggested the ability of SO to sense its posing potential and adapt its electron transfer 
process accordingly. The work conducted by Okamoto et al. revolved around an electron transfer 
model where FMN was shown to transfer electrons in a range of -0.1 to -0.4 V.112,128 The group 




 In this work, the current produced by and the resulting cyclic voltammetric features is 
examined at a wide range of poising potentials. An expansion to the electron transfer model 
proposed by Okamoto is explored after poising to determine how SO adapts to various 
electrochemical environments. Because SO is known to produce increased amounts of current in 
the presence of FMN, an FMN modified ITO is used to explore the role of an FMN monolayer 
on increasing current production over the poising potential range. This monolayer may provide a 
more suitable environment for mediated and direct electron transfer to occur.  
Materials and Methods 
Substrate Preparation 
ITO on glass with a layer thickness of 300 nm ± 20 nm and a sheet resistivity of ≤ 6 Ω/sq 
was purchased from Thin Film Devices Inc. The ITO electrodes were cleaned by successive 
sonication in 1% Triton X-100 and 91% isopropyl alcohol for 15 minutes. Cleaned ITO 
electrodes were dried by N2 gas and stored dry.  
SAM Formation 
FMN was deposited on ITO by passing a continuous stream of an aqueous 5 mM FMN 
(pH 5, 25°C) across the surface of the electrode for 15 hours.
 
This solution was passed across the 
ITO at a 90° angle to eliminate adhesion of FMN due to gravity deposition and allowed for 
modification of only the center portion of the electrode. This left the ITO end unmodified.  
Electrochemical Measurements 
Electrochemical experiments were conducted in a solution of tryptic soy broth (TSB) at a 
pH 7. All electrochemical experiments were conducted in triplicates. An electrochemical cell (11 
mL) consisting of a three-electrode configuration with FMN-ITO as the working electrode 




counter electrode was used to carry out all electrochemical experiments. Cyclic voltammetry 
(CV) and controlled potential electrolysis (CPE) experiments were conduced using a BASi E2 
potentiostat utilizing EClipse software (Ver 3.0.76). CV measurements were scanned at 10 mV/s 
beginning and ended at 0.2 V with a switching potential of -0.6 V. Electrochemical impedance 
spectroscopy (EIS) measurements were performed using a BASi PalmSens4 electrochemical 
interface utilizing PSTrace software (Ver. 5.6). EIS measurements were conducted at a fixed 
potential utilizing either a +0.2 or -0.2 V DC potential, a 0.1 AC potential, and scanning from 
100 kHz to 3 mHz. The system was allowed to equilibrate for 5 seconds before each experiment.  
Growth Cultures 
Stock samples of SO were prepared from a frozen culture obtained from ATCC. The 
culture was incubated at 30°C in 100 mL of TSB until an optical density of 0.15 was reached. 
All TSB media was autoclaved and purged with nitrogen gas. Individual sock samples of SO 
were prepared by combining 0.5 mL of the culture with 0.5 mL of glycerol. Sock samples were 
stored at -80°C until use.  
Working samples used for electrochemical experiments were prepared by the addition of 
a SO stock sample to 80 mL of TSB. Samples were allowed to grow for 12 hours so that the end 
of exponential growth was reached. After 12 hours of growth, 30 mL of the culture sample was 
removed and centrifuged in order to remove the TSB supernatant. SO cells were washed by 
resuspension in TSB. A second centrifugation and resuspension step was conducted followed by 
a 10-minute nitrogen purge to remove dissolved oxygen. To ensure a high cell density, SO 
cultures were introduce into the cell once they achieved the end of exponential growth. For the 
purpose of current production, nutrient additions were not conducted and only the current 




were grown for 4 hours and were prepared in the same manner as CPE experiments. After 
growth, an initial 15-minute posing time was conducted, followed by removal of old growth 
media and replenishing with fresh TSB so that only cells attached to the ITO were being 
examined.  
SEM Sample Preparation  
 After each experiment, excess growth media was gently washed away using 1 mL of 50 
mM phosphate buffer (pH 7). SO cells were adhered to the ITO surface with 2% (V/V) of 
glutaraldehyde in 50 mM phosphate (pH 7) for 2 hours. Excess glutaraldehyde was removed 
with 3 successive washes with 50 mL of phosphate buffer. Dehydration of SO cells was 
conducted with increasing concentrations of ethanol at 50, 70, and 80% for 10 minutes each 
followed by 15 minutes at 95 and 100% with 3 changes every 5 minutes.  
Results and Discussion 
FMN Monolayer Electrochemical Character 
 Cyclic voltammetry of an FMN modified ITO electrode was conducted using TSB as the 
electrolyte solution. A bare ITO does not show faradaic current in this solution (Figure 43 Gray). 
Cyclic voltammetry experiments result in a redox wave with a formal potential of -0.45 V vs. 
Ag/AgCl and is in agreement with previously reported results for FMN and analogues 
monolayers (Figure 43 Orange).141,148,151,152 The CVs begin and end at a near zero baseline, 





   
Figure 43. Cyclic voltammetry of an FMN-ITO in a solution of TSB. When no monolayer is 
present, faradaic current is absent (Gray). After the formation of an FMN monolayer, a redox 
couple is observed with a formal potential of -0.45 V (vs. Ag/AgCl). 
Cyclic Voltammetry of Shewanella oneidensis 
Controlled potential electrolysis (CPE) was used to poise SO on to the working electrode 
over a range of +0.6 to -0.6 V (vs. Ag/AgCl). Immediately after CPE, cyclic voltammetry (CV) 
was used to determine key features expressed by SO over the potential range. When SO is poised 
on a bare ITO electrode at +0.6 V, reduction peaks, assumed to be associated with OM proteins, 
can be observed at -0.275 V (Figure 44A Blue). Similarly, SO poised at +0.2 V exhibits 
comparable CV results (Figure 44B Blue). These results agree with those previously found in 
other works.28,29,32,169 In contrast, when a FMN monolayer is present, SO poised at +0.6 and +0.2 
V does not appear to express OM proteins in the CV (Figure 44A & 44B Orange). Rather, a 
catalytic wave-like feature is present. A catalytic wave in the presence of FMN has been 




























Figure 44. Cyclic voltammetry data for a bare and FMN-ITO. At A) +0.6 V, a reduction wave is 
observed for outer membrane proteins on a bare while a catalytic wave is observed for an FMN-
ITO. Similar results are observed at B) +0.2 V. 
These results suggest that DET through OM proteins is predominant when SO is poised 
at positive potentials and no FMN monolayer is present. When an FMN monolayer is present, 
OM proteins expressed at positive potentials cannot directly transfer electrons to the electrode 
surface. This is evident by the lack of an OM reduction peak at between -0.27 and -0.20 V in the 














































current is observed near 0 V. This pseudo capacitance decreased as the poising potential moves 
from +0.6 to +0.2 V, which consistent with a decrease in OM protein expression.  
SO poised on bare ITO at -0.2 V shows a drastic change compared to positive poising 
potentials  (Figure 45A Blue). The surface adsorbed reduction peak for OM proteins is no longer 
evident; rather a sinusoidal like wave is present. This wave is consistent with those previously 
published.22 Taking the first derivative of this wave at the bare ITO, a redox couple is obtained 
centered on a formal potential of -0.37 V (Figure 45 Insert). This potential deviates from the -
0.45 V vs. Ag/AgCl obtained for the FMN monolayer. This may indicate that a full transition 













Figure 45. Cyclic voltammetry data for a bare and FMN-ITO. At A) -0.2 V, a catalytic wave is 
observed for both a bare and FMN-ITO. At B) -0.6 V, a redox couple is observed for the FMN-
ITO. First derivative analysis shows a redox couple located near the formal potential of FMN.  
At the FMN modified ITO, little difference can be seen in the posing range of +0.6 to -
0.2 V (Figure 50A Orange). This would suggest that when the FMN monolayer is present on 
ITO, electron transfer proceeds similarly in this potential range. However, there is one key 




















































































When SO is poised at -0.6 V another change in CV is observed (Figure 50B). At the bare 
electrode the CV is still sigmoidal, however, the steepness of this wave has decreased (Figure 
50B Blue). Taking the first derivative of this wave results in a redox couple centered at a formal 
potential of 0.41 V vs. Ag/AgCl. This is more representative of the formal potential for FMN. 
When poising SO on an FMN monolayer at -0.6 V, the previously seen sigmoidal wave is no 
longer present. This wave has been replaced by a redox couple centered at 0.37 V (Figure 50 
Orange).  
Current Production 
 The current generated by SO over the poising potential range can provide insight into the 
most optimal potential and electrode type. At a +0.6 V poising potential, the current production 
was similar for the bare and FMN-ITO electrode (Figure 46A). As the poising potential shifts to 
+0.2 V, a small increase in current is observed for the FMN-ITO electrode (Figure 46B). 
Transitioning into negative poising potential, the -0.2 V potential shows an increase in the 
current for both the bare and FMN-ITO electrodes (Figure 46C). The FMN-ITO electrode 
showed the greatest current production at this potential when compared to the bare ITO. These 
results suggest that the FMN monolayer enhances current production only as potentials become 
increasingly negative. The increase in current production for the bare ITO at -0.2 V may be a 





Figure 46. The results of current density for a bare and FMN-ITO across the poising potential 
range of +0.6 V and -0.6 V. The highest current density was achieved at -0.2 V for an FMN-ITO. 
When the posing potential is switched to -0.6 V an interesting observation occurs (Figure 
46D). Rather then the positive current seen in the poising range of +0.6 to -0.2 V, a negative 
current results. This can be explained if the role of the ITO electrode transitions form an anode to 
a cathode, and thus, reverses the flow of electrons toward the FMN monolayer and SO biofilm. 
To demonstrate this reversal, CPE experiments were conducted over the poising range of +0.6 to 
–0.6 V for an FMN modified ITO using a TSB blank (Figure 47). Under these conditions the 
only redox capable species would be the FMN monolayer itself. At +0.6, +0.2, and -0.2 V, no 
current is observed. At -0.6 V, there is a current reversal (Figure 47-A). If SO is to be employed 
as an electron donating species in MFC, posing the electrode at -0.6 V vs. Ag/AgCl would be 
unsuitable.  








































Figure 47. Data for CEP experiments of an FMN ITO in TSB. At +0.6, +0.2, and -0.2 V, now 
current is observed. At -0.6 V a current flows indicating the ITO has shifted from a anode to a 
cathode.  
Impedance Determination 
 To better understand how SO grows and transfer electrons, electrochemical impedance 
spectroscopy (EIS) was implemented for the bare and FMN-ITO electrodes. The +0.2 and -0.2 V 
poising potentials were used for EIS analysis. These potentials showed the greatest difference in 
CPE and CV experiments. SO cultures were grown for 4 hours so that a minimal amount of cells 
were present in solution. CPE was performed at +0.2 or -0.2 V for 15 minutes so that some cells 
were attached to the ITO surface prior to EIS experiments. Growth media was then replaced with 
fresh TSB so that only SO cells attached to the electrode surface were present. After measuring 
impedance every 30 minutes for 3 hours, several key differences emerged.  
The development of a biofilm on a bare ITO electrode showed little difference in the 
overall impedance regardless of the potential (Figure 48 Red and Blue). At +0.2 V, biofilm 




























decreases significantly when the biofilm forms on the FMN monolayer at -0.2 V (Figure 48 
Gray).  
 
Figure 48. The results of impedance for a Bare and FMN-ITO at a poising potential of +0.2 and -
0.2 V. The bare ITO electrodes exhibits similar impedance while the FMN ITO has the lowest 
impedance at -0.2 V.  
Proposed Electron Transfer Model 
Based on the CV, CPE and EIS data in the poising range of +0.6 to -0.6 V, the following 
expansion to the Okamoto electron transfer model is proposed. When SO is poised at +0.6 V on 
a bare ITO electrode, OM protein expression is seen in the CV data. These OM Proteins allows 
for DET from the microbe to the ITO electrode. This form of electron transfer is also observed 
when SO is poised on a bare ITO electrode at +0.2 V. However, when the FMN monolayer is 
present, OM expression is absent in CV experiments indicating that DET may be impaired. The 
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As poising potentials approach negative values, a CV shift from OM reduction to 
catalytic wave character is observed. This catalytic wave is associated with mediated electron 
transfer. Two potential modes for mediated electron transfer may be secreted mtrc-bound FMN 
transfer and secreted free flavin transfer. When the FMN monolayer is present, a poising at -0.2 
V results in a CV similar to the ones obtained after poising at +0.6 and +0.2 V. This indicates 
that the mechanism of electron transfer may be similar for all three poising potentials. One 
possible electron transfer mechanism may be the transfer of electrons through the FMN 
monolayer bound to the mtrC. Because the initial concentration of secreted FMN is assumed 
negligible at the start of poising, the mtrC proteins of Shewanella may utilize the FMN 
monolayer instead. This can account for the lack of OM protein reduction in CVs following 
positive posing potentials on the FMN monolayer.  
With the electron transfer mechanism assumed the same for poising at +0.6, +0.2 and -
0.2V, CPE provides an interesting insight into the FMN monolayers effect on charge transfer. 
The highest current density is achieved when Shewanella is poised on the monolayer at -0.2 V. 
Additionally, it has been well documented that OM protein concentration decreases as poising 
potential decreases. This would indicate that, despite less mtrC available for monolayer binding, 
the electron transfer efficiency increases as the poising potential becomes more negative. The 
low impedance for the FMN ITO and the increase in current density for a bare ITO at -0.2 V 
helps to support this theory.  
Although negative poising potentials were shown to increase electron transfer efficacy 
for the bare and FMN-ITO, progressively lowering the poising potential results in an electron 




suggests that the bare and FMN-ITO have changed from an anode to a cathode, resulting in 
electrons flowing from the electrode to the FMN and Shewanella.  
SEM Coverage 
 SEM images were obtained for bare and FMN-ITO electrodes at +0.2 and -0.2 V. At +0.2 
V on a bare ITO, S.O. appears to cover the majority of the image (Figure 49 A). S.O. cells 
appear small and have a two-dimensional rod like shape. At -0.2 V, S.O. coverage decreases 
when compared to the +0.2 V specimen (Figure 49 B). Large biofilm clusters formed at this 
negative potential with S.O. appearing as three-dimensional pill shaped cells. When S.O. is 
poised on an FMN-ITO, coverage is limited when compared to the bare electrode. At both +0.2 














Figure 49. SEM images for Shewanella poised at A) +0.2 V on a bare ITO, B) -0.2 V on a bare 
ITO, C) +0.2 V on an FMN-ITO, and D) -0.2 V on an FMN-ITO. 
 
Conclusions 
 An FMN modified ITO electrode was used to enhance the current produced by 
Shewanella oneidensis. The FMN-ITO was shown to increase current production at a -0.2 V 
poising potential. This increase in current production correlated to a decrease in impedance when 
compared to a bare ITO at the same poising potential. CV data demonstrated catalytic wave 
activity when the bacteria is poised on an FMN-ITO in the range of +0.6 to -0.2 V. Based on the 






may bind directly to the FMN monolayer. The results demonstrated the usefulness of a FMN 




CONCLUSIONS AND FUTURE WORK 
Conclusions 
 The aim of this work was to optimize microbial fuel cells by understanding how 
Shewanella oneidensis grows and utilizes glucose, and how the microbe’s electron transfer 
mechanism can be enhanced in the presence of a flavin mononucleotide monolayer. Shewanella 
was determined increase in biomass under aerobic environments. This increase in growth 
correlated to an increase in glucose utilization. When Shewanella was subjected to microaerobic 
environments in the presence of ferric iron, exponential growth initialization was enhanced.   
 A flavin mononucleotide monolayer was formed on an indium tin oxide electrode 
through a modification of the tethering by aggregation and growth method. The monolayer was 
examined for its microbial suitability by controlled potential electrolysis, cyclic voltammetry, 
electrochemical impedance spectroscopy, and contact angle measurements. Controlled potential 
electrolysis demonstrated that the monolayer exists in its oxidized state and is reduced as 
potentials approach the formal potential of flavin mononucleotide. Cyclic voltammetry revealed 
the existence two-electron transfer mechanisms. At scan rates below 0.3 V/s, the  EC mechanism 
predominates indicating that the monolayer becomes non-electro active due to a chemical 
process. At scan rates above 0.3 V/s an EE mechanism is observed suggesting the monolayer is 
converted from one elecroactive species into another electroactive species. Electrochemical 




decreased when the monolayer is present. The monolayer decreases the contact angle when 
compared to the bare indium tin oxide electrode suggesting the monolayer increases the surface 
hydrophilicity. 
When Shewnallea is allowed to grow on the modified electrode, current density increased 
as poising potentials became more negative with a maximum current density occurring at -0.2 V. 
This increase in current density corresponded to a decrease in impedance and charge transfer 
resistance when compared to a bare indium tin oxide electrode. The electron transfer mechanism 
was observed to be catalytic in the presence of the monolayer. Cyclic voltammetry 
measurements taken immediately following poising suggest direct electron transfer to be limited 
due to a lack of reduction of outer membrane proteins. This suggests that Shewanella may bind 
directly to the monolayer through outer membrane mtrC transfer proteins and transfer electrons 
through a bifurcated process.  
Future Work 
In order for MFCs to one day be used for everyday energy, several avenues of 
exploration should be considered. Further investigation should be focused on the use of safer and 
more cost-effective working electrode materials that can be used to replace ITO. In this work, 
only oxide surfaces have been utilized to enhance current production through an FMN 
monolayer formation. Although the ITO coating exists as a thin film, toxicity of the material 
remains a concern.170 Therefore, examining new electrode materials and their ability to form 
FMN monolayers can help further optimize MFCs. Commonly used electrode materials include 
carbon robs and cloths. These electrode materials have been shown to readily form riboflavin 




for several hours. Once the monolayer is formed its electrochemical character can be determined 
through CPE, CV, and EIS studied for comparison to ITO modified electrodes.  
The monolayer itself can also be optimized to enhance MFCs. In this work FMN was the 
only monolayer explored, however, other compounds analogues to FMN exist. These compounds 
include riboflavin (RF) and flavin adenine dinucleotide (FAD). FAD contains a phosphate 
functional group, which, like FMN, can allow for easy attachment of the monolayer to oxide 
surfaces. The addition of adenine in FAD will change the electrochemical character of the 
modified ITO when compared to the FMN-ITO studied in this work. Modification of an ITO 
electrode with FAD can be accomplished in the same manner as an FMN-ITO. Once the 
monolayer has been formed, its character and microbial suitability can be determined as 
described in chapter 4.  
In this work, the FMN monolayer was characterized before and after annealing. Before 
annealing, one redox couple was observed. After annealing, a second redox couple emerged. 
This new redox couple was not identified. Identifying the new formation is fundamental to 
completely understanding the FMN monolayer. The formation of this new couple resembles 
other works for inorganic complexes, which associated the new formation with dimerization of 
the monolayer.171-173 To determine if annealing results in dimerization of the FMN monolayer, 
X-ray photoelectron spectroscopy (XPS) and pulse modulated inferred reflective absorption 
spectroscopy (PM-IRRAS) can be implemented. These techniques have the capacity to examine 





The electrochemistry presented has been conducted using a half-cell MFC. This half-cell 
differs from a traditional MFC by having all electrode components in the same cell compartment. 
A traditional MFC contains an anodic and cathodic chamber separated by a semipermeable 
membrane. When a full MFC is implemented, several over-potentials can occur that are not 
present when working with only a half-cell.2 For example, the overpotential that occurs as 
hydrogen ions cross the semipermeable membrane will lower the net energy produced. These 
new over-potentials will limit the usable energy. Future work should focus on the capacity of 
FMN modified ITO electrodes to lower the overall over-potential. To accomplish this, a new 
MFC will need to be built. One possible means for full MFC production may be the use of 3-D 
printing.  
In chapter 3 of this work it was shown that the addition of ferric iron to microbial growth 
cultures improved the growth and glucose usage as well as shortening the lag before exponential 
growth was initiated. However, the effect of adding ferric iron to cultures grown 
electrochemically was not explored. It has been shown that the additions of divalent cations to 
growth media increased the attachment of Shewanella to a bare ITO electrode. These cations 
include Ca2+, Pb2+, Cd2+, and Mg2+ and have been shown to affect the cathodic peak charge.169 
Therefore, the effect of ferric iron on Shewanella attachment to a bare ITO is a viable avenue of 
exploration. This can also be extended to examining the ions effect on shewanella attachment to 
FMN monolayers. To test this, ferric iron can be added to the TSB growth medium. After 
injection into a MFC, CPE can be performed to examine how much current is produced. CV 
experiments can be used to determine how ferric iron changes protein expression after CPE. A 




ferric iron. However, the formal potential of ferric/ferrous iron is 0.65 V (vs. Ag/AgBr), 
therefore it remains a possibility for ferric iron to act as an electron-mediating molecule at 
poising potentials near 0.6 V (vs. Ag/AgCl).174  
The effect of oxygen on MFC efficiency should be investigated. In this work, the growth 
of Shewanella under anaerobic and aerobic conditions was determined. This investigation found 
that aerobic environments improved culture growth and enhanced glucose usage when compared 
to anaerobic conditions. However, for electrochemistry experiments, only anaerobic 
environments were explored. The presence of oxygen in a MFC has been shown to increase 
biomass growth but negatively effect current production due to electron transfer competition 
with oxygen.175 Too what extent oxygen will effect microbial attachment to FMN modified ITO 
electrodes is currently unknown. Additionally, how the FMN monolayer will compete with 
oxygen for electron transfer is unknown. To examine the effect of oxygen, varying amounts of 
oxygen should be added to the growth culture prior to injection in MFCs. A dissolved oxygen 
sensor can be used for managing oxygen levels. CPE experiments will shade light on the 
efficiency of electron transfer, and CV experiments will determine how well direct and mediated 
electron transfer is expressed.  
Shewanella has been shown to actively secrete FMN as a mediating molecule. The 
secreted FMN may have potential to attach to ITO surfaces in the same manner as the FMN 
monolayer described in Chapter 4. Because FMN increases current production by Shewanella, 
determining how much FMN is secreted and to what extent this can be enhanced is a viable 
means of optimizing a MFC. Appendix D describes a capillary electrophoresis (CE) method that 




be optimized to remove interfering matrix effects. Once optimized, microbial cultures can be 
sampled and injected into CE for FMN analysis.  
Finally, all the work described has been conducted with Shewanella as the model 
microorganism. In order for MFCs to be used practically, other microorganisms should be 
explored. Mixed cultures containing several microbe types should also be investigated. Many 
microorganisms exist synergistically with other microorganisms.176 Metabolites like the FMN 
produced by Shewanella may be used by other microbes to sustain growth. Under these contains 
MFC efficiency can vary depending on the growth conditions and environment. Accomplishing 
this will require testing a secondary microorganism in the same manner as Shewanella. A 
suitable secondary microbe is the gram-positive bacteria Geobacter sulfurreducens, which has 
also been used in MFC. Once this microbe’s current production for an FMN-ITO is known 
though CPE experiments, Shewanella can be added to make a binary culture. The combined 























Flavin Mononucleotide Analysis and Methods 
Mediator molecules play a significant role in the performance of MFCs by assisting in the 
transfer of electrons from a microbe to the surface of an electrode (Figure 6c). A wide variety of 
mediators have been studied to include hydrogenase and neutral red for E. Coli and pyocyanin 
for Pseudomonas aeruginosa.2 With respect to S. oneidensis, quinones such as flavin adenine 
dinucleotide (FAD), flavin mononucleotide (FMN), and riboflavin (RF) are of particular interests 
due to the microbe’s ability to secret flavin molecules.177  
Flavin molecules make for excellent mediators primarily due to their ability to undergo a 
two-step oxidation process. With respects to FMN, if the flavin molecules are completely 
oxidized it will exist as a flavoquinone (FMN), if the flavin undergoes a process involving a one-
electron and one proton reduction it will exist as a flavosemiquinone (FMNH), and if a process 
involving a two-electron and two-proton reduction was to occur the flavin molecule would exist 
as a flavohydroquinone (FMNH2) (Figure 50).178 The transition between each state of flavin 
requires either an electron transfer, proton transfer, or both (Figure 51). The pKa values 
associated with each form of flavin mononucleotide have been widely studied. Draper and 
Ingraham used potentiometry to obtain the redox potentials for FMN and calculated pKa vlaues 
of 10.35 for the oxidized, 8.55 for the semiquinone, and 6.72 for the fully reduced form of flavin 
mononucleotide.180 The semiquinone pKa value is further confirmed by Ishikita et al. using 
reduction potentials to determine the pKa value to be 8.6.179 Additionally, the work performed by 
Anderson using pulse radiolysis and calculation performed by Mayhew has yielded pKa values 






         
Figure 50. The three forms of flavin mononucleotide. The pKa values for the oxidized 
FMN, the semiquinone FMNH, and the reduced FMNH2 are 10.3, 8.5, and 6.8, 
respectively. Source: Mayhew182 
 
       
Figure 51. A Pourbaix diagram showing the various transitions of flavin. At a pH below 6.5, 
flavin can undergo electron transfers to become a semiquinone and quinone as well as proton 
transfer to become a negatively charged semiquinone. The diagonal points indicate experimental 





The difficulty in quantifying FMN production by S. oneidensis is due to limited method 
detection below micromolar concentrations. Current methods for the detection of flavin 
molecules include spectrophotometric methods, fluorimetric methods, and chromatographic 
methods.185 High performance liquid chromatography coupled with a diode array detector 
(HPLC-DAD) was utilized by Velasquez-Orta et al.183 to quantify FMN production by S. 
oneidensis. The method reports a production of 0.1 µM of FMN after 4 days of growth. In 
contrast, the work performed by von Canstein et al.127 found 2 µmol of FMN per gram of protein 
after 24 hours of growth. Both research groups claim to observe FMN production under both 
aerobic and anaerobic conditions while Renslow et al.184 could not observe FMN production 
under anaerobic fermentation. The detection of flavin by HPLC is not restricted to S. oneidensis. 
Yurgel et al.186 examined flavin secretion by Sinorhizobium meliloti using HPLC with 
fluorescence detection and found the microbe to produce ∼2500 nM/gprotien, while 
Balasubramanian et al.187 examined flavin secretion by methanotrophic bacteria and detected a 
concentration up to 0.116 µM of flavin using HPLC with DAD and fluorescence detection. See 












 Table 7. Summary of Selected FMN Publications 
Author Year Sample Instrument Detector LOD 
Hustad et al.188 1999 Human Blood Plasma CE LIF 
7.5 nM 
Cataldi et al.189 2002 Wine & Produce CE LIF 
350 amol 










2010 Methylocystis HPLC UV/Fluorescence 100 nM 
Velasquez-
Orta183 
2010 Shewanella MFC Electrode 100 nM 
Yurgel186 2014 Sinorhizobium meliloti 
 
HPLC Fluorescence 




The use of capillary electrophoresis (CE) coupled with fluorescence detection has 
increased the resolving power of FMN. Research conducted by Hustad et al.188 examined flavin 
concentrations within blood plasma utilizing CE and laser-induced fluorescence (LIF) detection. 
Utilizing this method, the research group could detect concentration levels as low as 3.5 nmol/L 
for FMN. Additionally, the work conducted by Cataldi et al.189 utilized CE-LIF for the detection 
of flavin in various food products. Using their method, the research group achieved detection 
limits of FMN as low as 350 amol.  
Although the use of CE-LIF has been shown to reach extremely low detection limits, the 
use of LIF detection for flavin analysis in biological samples limits the research that can be 
conducted. The use of UV detection methods for the analysis of low concentrations of FMN 




employed to increase the detection level of FMN by diode array detection. With respects to the 
instrument parameters, an increase in injection volume and an increase in the bandwidth of a 
detector will both result in an increase in sensitivity at the cost of resolution. However, a 
decrease in FMN detection limits can also be achieved by the pre-concentration of FMN using 
solid phase extraction (SPE). Additionally, SPE has the added benefit of isolating the component 
of interest from a sample matrix. Rudenko and Kartsov190 as well as Rodriguez-Bernaldo de 
Quiros et al.191 have conducted research involving the SPE of riboflavin prier to HPLC analysis. 
Both research groups claim a successful sample clean up and extraction of riboflavin, however, 
neither group discusses the development of their optimal SPE condition or what recovery 
percentages were obtained. 
Column Chromatography 
For samples that exist as a matrix of multiple components, it is often beneficial to 
separate the individual components before any analysis is conducted. Column chromatography 
(CC) is a solid-liquid phase separation technique capable of separating sample components in a 
mixture.192 Much like HPLC, CC separates sample components in the bases of polarity. 
However, unlike HPLC, CC allows for matrix removal and fraction collection without the need 
for expensive equipment.  
The first step in CC is the selection of a column with the proper dimensions.193 When 
performing small-scale separations with sample components that have large differences in 
polarity, columns as small as Pasteur pipettes can be used. However, when sample components 
have similar polarities, a longer column can be utilized so that greater separation can be 
achieved. Additionally, when a large sample volume is used, columns with greater diameters will 




The selection of an appropriate stationary phase and eluents are critical to achieving 
optimal separation and isolation of sample components.194 Typical stationary phases for CC 
consist of a silica gel or alumina in powdered form and are particularly adapted for separation of 
polar components. The amount of stationary phase used will be dependent on the amount of 
sample being loaded.  
Solid Phase Extraction 
Solid phase extraction (SPE) is an analytical chemistry technique used during sample 
preparation to remove components within a sample matrix. Much like a column used for HPLC, 
SPE often uses a chemically resistant cartridge containing some type of packing material. The 
packing material is depended on the application; for example, when separation of a non-polar 
analyte is desired, a reversed phase C18 or C8 packing material may be desired.  
There are typically four steps to a successful SPE procedure (Figure 52). First, a 
preconditioning step is performed where the SPE cartridge is loaded with an organic solvent 
(methanol, acetonitrile, ect.) to remove any contamination within the packing material. 
Additionally, a buffer solution at a desired pH is passed through the cartridge to prepare the 
packing material for sample retention. The second step in SPE is sample loading. Here a sample 
is loaded onto the cartridge and the sample is forced through the packing material by vacuum or 
positive pressure. The pH of the sample is critical to proper sample loading. For retention on a 
nonpolar cartridge, the pH of the sample should be chosen so that the analyte remains neutral. 
The third step in SPE involves washing the cartridge with an organic-water mixture. The wash 
solution is passed through the cartage to either elute the sample of interest from the matrix or to 
elute the matrix from the sample. Finally, the sample or impurities are removed from the 




             
Figure 52. An illustration showing the four steps of SPE. A preconditioning solvent is used to 
prime the cartridge, followed by sampling loading, washing the sample of impurities, and finally 
elution of a sample from the cartridge. Source: Al-Karawi197 
 
There are numerous benefits to including SPE for sample pretreatment to include 
simplification of a complex sample matrix and enrichment of very low concentrations. This 
makes SPE a useful technique for the analysis of biological samples. Research could not be 






























For electrochemistry to occur, an appropriately conductive anode and cathode must be 
selected. The ability of a material to be conductive is described by its Fermi level and energy gap 
(Eg).198 The Eg is described as the distance between the valance band (VB) and the conductive 
band (CB) while the Fermi level is described as the top of a collection of electron energy levels. 
For conductive materials, the Eg is eliminated due to an overlap of the materials VB and CB, 
which results in an overlapping Fermi level (Figure 53a). For insulators, the Eg between the VB 
and CB are large, limiting the materials ability to be conductive (Figure 53c). However, for some 
materials, the gap between the VB and CB is close enough to allow electrons to move resulting 
in conductivity. These materials are known as semiconductors (Figure 53b). For insulators and 
semiconductors, the Fermi level lies somewhere within the Eg. 
               
Figure 53. An illustration depicting band theory where a) shows a conductor with overlapping 
valance and conductive bands, b) shows a semiconductor with a small band gap, and c) shows an 
insulator with a large band gap separating the valance band and conductive band.   
 
In semiconductors, electrons can cross from the VB to the CB only if the energy available 
is greater than the Eg. The movement of electrons results in vacancies within the VB known as 
holes. The number of holes present within the VB equals the number of electrons present in the 
CB. These semiconductors are said to be intrinsic. If the energy provided is in the form of light, a 




energies in the electromagnetic spectrum range from 0.01-2 electron volts (eV) for the infrared 
(IR) spectrum, 2-3e eV for the visible spectrum, and 3-1000 eV for the ultra-violate (UV) 
spectrum.198 Silicon, for example, possesses an Eg of 1.1eV, allowing the material to utilize near 
IR and higher-level wavelengths to promote electrons from its VB to its CB.  
Introducing dopants or impurities into a lattice structure can modify the distance between 
the VB and CB of semiconductors resulting in an extrinsic semiconductor.199 A semiconductor 
that is doped with atoms having one more electron than the pure material will form a donor band 
that lies below the CB. The result is a negative type (n-type) semiconductor with a decreased Eg 
(Figure 54a). A semiconductor that is doped with an atom having one less electron than the pure 
material will form an acceptor band that lies just above the VB. The resulting semiconductor is 
termed as a positive type (p-type) and the resulting Eg is less than the pure material (Figure 54b). 
The formation of extrinsic semiconductors effectively decreases the Eg requiring less energy to 
move electrons into conductive bands. Additionally, the Fermi level also shifts with increased 
doping. For n-type semiconductors, the Fermi level lies closer to the CB whereas p-type 






            
Figure 54. An illustration depicting extrinsic semiconductors. The donor band located in a) n-
type semiconductors results from doping the lattice structure with an atom having one more 
electron than the pure material. The acceptor ban located in b) p-type semiconductors results 
from doping the lattice structure with an atom having one less electron than the pure material.  
 
Although doping can be effective for lowering the Eg, too much doping can cause the 
Fermi level of a semiconductor to move into the VB or CB. This effect is known as the Moss-
Burstein (MB) Shift, and comes as a result of the Pauli Exclusion Principle which state that no 
two electrons can have the same four electronic quantum numbers.73,200 Because all levels below 
the Fermi level are occupied by donor states, an electron must have enough energy to move 
above the new Fermi level. The result is either an increase or decrease in the Eg for p-type and n-





                
Figure 55. A depiction of the Moss-Burstein Shift. With increasing n-type doping, the Fermi 
level is increased into the CB. With increasing p-type doping, the Fermi level is lower closer to 
the VB.  
 
When an electric field is applied to a semiconductor, a shift in its absorption can result. 
This is known as the Franz-Keldysh effect and is descried as a photon-assisted tunneling across 
the energy band gap.201 When a potential is applied to a semiconductor, a tilt between the VB 
and the CB will occur allowing electrons to move though forbidden energies (Figure 56). The 
result is an Eg that is shifted to lower energies.  
                
Figure 56. An illustration depicting the Franz-Keldysh effect. When an electric field is applied to 








Indium Tin Oxide Electrodes 
Several electrodes have been studied for use as an anode in MFCs. These electrodes 
include carbon-based materials such as graphite rods and carbon cloth, and composite materials 
such as carbon nanotubes incorporated with conductive polymers.202 However, the use of 
transparent semiconductor electrodes such as Indium Tin Oxide (ITO) can provide insight into 
how electrons are transferred. 
Indium tin oxide (ITO) is an n-type semiconductor resulting from doping indium oxide 
with tin oxide. Additionally, ITO’s are classified as transparent conducting oxides (TCO’s) 
(Figure 57). Typically, an ITO is composed of 74% In, 18% O2, and 8% Sn, however, the exact 
chemical composition varies with application.122 Polycrystalline ITO materials can be viewed as 
an indium oxide (In2O3) cubic lattice structure which contains cationic sites occupied by Sn. The 
most common orientation of ITO is an orthorhombic system (222) referring to the presence of 
three two-fold axes of rotation in the x, y and z directions in a cartesian coordinate system and 
three crystallographic axes (Figure 58).132,203 
 
              
Figure 57. An image of ITO electrodes. The electrodes are considered n-type semiconductors 






Figure 58. A bulk In2O3 unit cell with (222) lattice symmetry. The lattice plane is highlighted in 
green. Source: Paramonov et al.82 
 
A typical n-type semiconductor band gap for TCOs have several important features 
(Figure 59).82 The fundamental band gap (Eg0) will set the lower and upper wavelength limits for 
optical transparency. The low end of the Eg0 is defined by the VB maximum (EVBM), while the 
high end is defined by the CB minimum (ECBM). For ITO, this band gap is > 3 ev, allowing it to 
be transparent in the visible spectrum.133,204 Because of the MB shift, the Eg0 can be increased to 
approximately 5 ev through degenerate doping.82,134 This increases is representative of Fermi 
level (EF) minus the EVBM. As doping of the TCO increases, the EF will increase, and the band 
gap energy will increase. The work function (WF) is the distance from the Fermi level to a 





   
Figure 59. An illustration depicting a generic band gap of TCOs. The band gap energy, valance 
band maximum, conductive band minimum, and Fermi level are represented by Eg0, EVBM, ECBM, 
and EF, respectively. Degenerate doping can result in an increase of the band gap and is 
represented by EF – EVBM. Source: Klein et al.133 
Isotherms 
The interaction of adsorbates with a substrate can be described by a number of isotherms, 
the simplest of which is the Langmuir isotherm.72 The Langmuir isotherm makes the assumption 
that gaseous molecules are ideal, only one monolayer can from, all substrate interaction sites are 
equal, interactions between adsorbates do not occur, and asorbates are unmovable once attached. 
The Langmuir isotherm can be described graphically as a function of the number of sites 
occupied (no) divided by the number of sites available (na) versus pressure (Figure 60). At low 
pressure, few sites are occupied by the adsorbate. As the pressure increases more sites are 
occupied until a plateau is reached and no more sites can be occupied. The Langmuir isotherm is 
limited in its ability to accuracy describe the adhesion of molecules to a substrate surface since it 
assumes only one adsorbate can occupy any given site (Figure 61a). The Brunauer, Emmett, and 
Teller (BET) isotherm takes into account the adhesion of multiple molecules to the same site on 
a substrate surface.73,75 Along with the Langmuir assumptions, the BET isotherm also assumes 




other molecules. These extra layers are considered to have a liquid character (Figure 61b). Both 
the Langmuir and BET isotherms can be further improved when the Slygin-Frimkin isotherm is 
taken into consideration, which assumes there is an interaction between adsorbates.76   
          
Figure 60. A graphical representation of monolayer formation with increased pressure. When the 
pressure is low, sites are unoccupied. As the pressure increases, adsorbents attach to a surface 
until complete monolayer formation has been reached.  
 
 
Figure 61. An illustration depicting the a) Langmuir isotherm and the b) BET isotherm. The 
Langmuir isotherm assumes one monolayer can adhere to the surface of a substrate while the 







The attachment of organic functional groups has been widely studied as a means for 
enhancing charge transport across electrodes.78,79,112 The barrier height between the work 
function of a metal or semiconductor and the HOMO or the LUMO of the organic self-
assembling monolayer will determine the overall efficacy of electron injection.81,83 A number of 
methods exist to increases charge injection which include manipulation of surface dipoles and 
synthetically doped layers. For dipole manipulation, orientation of the negative end of a dipole 
can increase or decrease the work function of the ITO resulting in an increase or decrease 
between the Fermi level and CB, respectively.84,85 
Evanescent Wave Spectroelectrochemistry 
Spectroelectrochemisty can be defined as the application of spectroscopy techniques to 
observe redox changing in an electrochemical system.205 The application of 
spectroelectrochemistry can be applied for a number of cell configurations to include 
transmission and reflectance measurements (Figure 62). Transmission measurements are among 
the most simple and rely on Beer’s law for absorbance measurements. For reflectance 
measurements, light may be partially reflected and absorbed, and it is the reflected light that is 
measured. The intensity of the measured light beam is less then the propagation light due to 
some absorbance by a sample. This type of reflectance spectroscopy is known as external or 
internal reflectance. However, the drawback to both transmission and reflectance measurements 
is that the sensitivity for measurements requires strong excitation coefficients (ε). For samples 
with a low ε, thick films or high concentrations are required. To improve sensitivity, Attenuated 
total reflection (ATR) spectroelectrochemistry can be used. Measurements using ATR require 
that an evanescent wave (EW) be formed which allows for measurements of highly scattered 




      
Figure 62. A depiction of various forms of spectroelectrochemistry. Solid lines indicate the 
direction of light in a) transmission mode normal to an electrode and b) transmission parallel to 
an electrode, c) internal and d) external reference modes. Dashed lines represent electrodes. 
Source: Zoski et al.205 
An EW is a transmitted wave when total internal reflection occurs. For 
spectroelectrochemisty, an EW is used to obtain absorbance information regarding redox 
potentials and mechanisms, and for determining the position of electroactive species.206,207 The 
use of this technique is most effective when there is a difference in optical response between 
species adhered to the electrode surface, in solution, or within the secondary minimum (an area 
where attraction to an electrode occurs, but there is no direct attachment). When using 
spectroelectrochemisty, a beam of light is refracted off an in-coupling prism at a specific angle of 
incidence, upon which the beam enters into a transparent electrode, known as the waveguide, 
becomes totally internally refracted and leaves the out-coupling prism as it makes its way to the 
detector (Figure 63).208 For an ITO electrode on a glass substrate, total internal reflection occurs 
due to the greater refractive index of the ITO waveguide (η2) relative to the refractive index of 






Figure 63. An illustration depicting the path of an evanescent wave. The wave first passes though 
an incoupling prism, which refracts the wave into the waveguide. The wave is refracted within 
the waveguide until it reaches the outcoupling prism. Source: Agyeman208 
 
The ability for a wave to undergo reflection or refraction can be described by Snell’s 
Law,205,209 
𝑛! sin𝜃! = 𝑛! sin𝜃!       𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 15 
where n1 and θ1 represents the refractive index of the medium where the wave originates and its 
angle of incident, and n2 and θ2 represent the refractive index of a second medium and the angle 
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where θC is the critical angle. If angle of incidence is larger then the critical angle, total internal 
reflection will occur. For example, for ITO (n1) coated on a glass substrate (n2), the refractive 
indices will be ∼2 and 1.5, respectively. From equation 9, the critical angle will be 48.59°, and 
any angle greater then the critical angle will result in total refraction.  
When utilizing coupling prisms to control the angle of light though the waveguide, the 











where φ is the angle of incidence, np is the refractive index of the prism, and ω is the base angle 
of the prism. If the internal guiding angle is greater then the critical angle, total internal reflection 
will occur.  
In reality, total reflection is unachieved. The power of the light beam undergoing total 
internal reflection contains an electromagnetic field property in the lower refractive index 
medium of the thin-film and the higher refractive index substrate glass. This results in an “energy 
leak” as some of the electromagnetic energy is stored in the substrate and thin film. This energy 
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and it is this penetration that allows for absorption measurements and differentiation between 
species attached to a waveguide and those within the secondary medium. The penetration of the 
EW is dependent on the excitation wavelength with typical penetration depths ranging from 50-
1000 angstroms (Å). The total absorbance of the propagated light into the bulk solution can be 
expressed as, 
𝐴!"#$% = 𝐴! + 𝐴!      𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 19 
where Ab is the absorbance contribution of molecules in the bulk solution and Af is the 
absorbance due to the thin film on the waveguide surface.  
Spectroelectrochemisty is most frequently implemented for absorption spectroscopy in 
the ultraviolet, visible, and infrared regions of the electromagnetic spectrum. The primary 
advantage of this method is to couple spectral data to a voltage or current response. For example, 
the hydro-, semi-, and quinone species of FMN will exhibit different spectrums that can be 




current data can help determine what species are directly attached to an electrode and what 
remains in the secondary medium and bulk solution.  
Many of the works utilizing spectroelectrochemistry with MFCs have focused on 
examining cytochromes. The work conducted by Okamoto et al.210 utilized EW 
spectroelectrochemistry and the microbe Shewanella for identifying the locations of nitrosyl 
adducts on a quartz waveguide after the addition of nitric monoxide (NO) to heme groups 
located on the cyt-c of living shewanella microbes. The results show a noticeable absorption shift 
from 416 to 408nm for cyt without and with NO attachment. Additionally, the work performed 
by Nakamura et al.211 utilized EW for optical absorption measurmnets of cell-membrane 
cytochrmes during metabolism of Shewanella loihica PV-4 by measuring changes in the soret-
band characteristics of c-type cytochromes. The group was able to show the application of 
collecting both spectral and potential date for microbes as they were cultivated, with results 
indicating that electrons were supplied to the heme groups of cytochromes in a continues flow. 
Liu et al.212 also preformed spectral and potential experiments for the reduction and oxidation of 
cytochromes, however, the work was focused on the microbe Geobacter sulfurreducens. The 
work focused on the growth of an undamaged biofilm on an ITO electrode, and the use of EW to 
measure real-time spectral data as potential changes occurred. The group found changes between 
extracellular and periplasmic cytochromes as the potential of the ITO was cycled and concluded 
that extracellular cytochromes have lower potentials than cytochromes within the periplasm; 
possibly leading the extracellular cytochromes to be in a permanent oxidized state so that they 
can act as the cells electron acceptor. It is interesting to note, that the group found rapid 
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Method development and validation experiments were performed on an Agilent 7100 
series CE system equipt with a diode array detector. The chromatographic data were obtained 
using OpenLAB CDS ChemStation edition for CE and CE/MS [Rev. C.01.07 SR3]. The 
capillary used was an Agilent extended light path (Bubble Cell) bare fused silica capillary which 
had a total length of 64.5 cm and an effective length of 56 cm with an inside diameter if 50 µm. 
Solid Phase extraction was conducted on a Sigma Aldrich Supelco Preppy vacuum manifold 
with Thermo Fisher HyperSep C18 cartridges that had a bed weight of 2 g and a column capacity 
of 15 mL.  
Chemicals and Reagents 
The buffer 3-(Cyclohexylamino)-1-propanesulfonic acid (CAPS) was purchased from 
Sigma-Aldrich with a purity of ≥ 98%. Potassium phosphate dibasic, sodium tetraborate 
decahydrate and ammonium acetate were purchased from ThermoFisher with a purity of ≥ 98%. 
Acetonitrile and Methanol were purchased from Thermo Fischer and were of HPLC grade. The 
flavin mononucleotide standard was purchased from TCI and was > 93% pure. S. oneidensis was 
purchased from ATCC as a frozen culture.  
Method Chromatographic Parameters 
The capillary used for method development was an Agilent extended light path (bubble 
cell) capillary (56 cm x 50 µm). The BGE consisted of 75 mM CAPS buffer at pH 10.5. A 
gradient of 0-30 kV over 60 mins was used providing a gradient rate of 0.5 kV per min. A 13 
second sample injection time followed by a two second BGE injection was selected. The 




steps consisted of 3 min of a 1 M NaOH wash, a 2 min wait in deionized water, and a 5 min flush 
with the CAPS BGE. The BGE was replaced every 3 runs.  
Standard and Sample Preparations  
Standards of FMN were prepared using flavin mononucleotide sodium salt. All working 
standards were prepared at 1000 ppm concentration and diluted to 40 ppm for development and 
validation of the method. The microbial sample perperation has been described (See Chapter 2 
D). Briefly, a 2 mL stock sample of S. oneidensis was added to a 50 mL deoxygenated solution 
of TSB. Incubation of the culture occurred over 40 hours at 30°C and a mixing speed of 150 
rpm. Working samples were prepared by centrifuging a 2 mL incubated sample, collecting the 
supernatant, and performing SPE on each sample.  
The SPE preconditioning step consisted of 5 mL of methanol followed by 5 mL of 
ammonium acetate at pH 4.5. After preconditioning, 5 mL of a sample was loaded onto the SPE 
cartridge. The cartridge was washed with a 20% methanol-buffer to remove impurities. Finally, 
FMN was eluted with a 80% methanol-buffer.  
Results and Discussion 
Method Development 
Preliminary studies. The wavelength of detection was selected by scanning a sample of 
40 ppm FMN from 900 to 190 nm at 10 nm/min with a medium response. The spectrum showed 
absorbance in the visible and UV (Figure 64). The λmax in the visible region was 445 nm and 226 





      
Figure 64. A UV-Vis spectrum of FMN. FMN exhibits max absorbance in the visible and UV 
regions with a λmax corresponding to 445 nm and 266 nm. 
To minimize the chance of the sample matrix interfering with the detection of FMN, SPE 
studies were performed on a 10 ppm standard of FMN. Sample pH, buffer pH, and the percent of 
methanol used for extraction were tested. The optimal SPE conditions were obtained using an 
ammonium acetate buffer at pH 4.5, a FMN sample at pH 4.5, and sample consisting of 1:1 
ammonium acetate-FMN. The peak area for FMN was plotted against the percent methanol used 
for extraction (Figure 65).  The results showed no FMN detection below 20% methanol and 
maximum FMN above 80% methanol. 20% methanol was therefore chosen as the wash solvent 
and 80% was chosen as the elution solvent. Under these conditions, FMN was successfully 




         
Figure 65. A plot of peak area vs. percent methanol. A percent methanol of 20 results in no FMN 




Figure 66: Representative electropherograms for A) a spiked sample of Shewanella before solid 
phase extraction and B) a spiked samples of Shewanella after solid phase extraction.    
 
Three buffers were selected to test the background electrolyte (BGE) and were chosen to 
meet the pKa values for FMN. Potassium phosphate dibasic was selected to cover the pKa of 6.8, 
sodium tetraborate decahydrate was selected to cover the pKa of 8.5, and CAPS buffer was 
72 Hour S. oneidensis Supernate 	
(50 ppm FMN Spike)	
72 hour S. Oneidensis Supernate 	








selected to cover the pKa of 10.3. At a buffer pH of 7.8, the FMN peak exhibited a large degree 
of fronting indicating that FMN has a higher conductivity than the BGE (Figure 67a). 
Additionally, fronting could have occurred due to sample overloading, however, this was ruled 
out when the buffer was changed. When the BGE was changed to sodium tetraborate 
decahydrate, a small amount of fronting was still observed (Figure 67b). This fronting decreased 
as the ionic strength of the buffer was increased, however, an increase in peak tailing was 
observed as the ionic strength was increased indicating that the solute’s conductivity was now 
lower than the BGE. When the BGE was changed to CAPS buffer, increased pH resulted in an 
increase in fronting up to a pH 10.8 and a shift to tailing at pH 11. A pH of 10.2 resulted in the 
best over all peak symmetry for FMN (Figure 67c). A CAPS buffer was selected as the BGE due 
to its ability to maintain a uniform peak shape for FMN while allowing for a short retention time 
based on ionic strength.  
       
Figure 67. A comparison of tested buffers on the peak of FMN. a) The FMN peak with a 25 mM 
phosphate buffer at pH 7.2 shows significant leading. b) The FMN peak with a 25 mM borate 
buffer at pH 9.2 shows some leading c) that decreases as the concentration of borate is increased 





When a sample is prepared in the same ionic strength as the BGE in the capillary, a lower 
peak height is observed when compared to stacking ionic strengths (Figure 68A). Sample 
stacking was conducted utilizing the field-amplified sample stacking (FASS) approach. Here, 
samples of FMN were prepared in 7.5mM BGE at pH 10.3. The BGE used to fill the capillary 
was increased to 10x the concentration of the sample. When the sample is prepared in a lower 
ionic strength relative to the BGE in the capillary, an increase in peak height results allowing for 
an increase in detectability (Figure 68B). 
 
Figure 68. Representative electropherograms for A) a 50 ppm sample of FMN before field 
amplified sample stacking and B) a 50 ppm sample of FMN after field amplified sample 
stacking.  
Method optimization. Due to the low concentration of FMN secreted by S. oneidensis, 
method development was primarily focused on maximizing the peak area and separation for 
FMN at the expanse of other chromatographic criteria. With the CAPS buffer as the selected 
BGE, the ionic strength effect of the buffer on the peak of FMN was investigated. Four CAPS 
concentrations were prepared at 15, 25, 35, and 50 mM. As the ionic strength increased, the area 








increased (Figure 69a and b). A CAPS buffer concentration of 30 mM was selected as optimal. 
Although this concentration did not maximize peak area, it did allow for a slightly longer 
retention time that can be used to help facilitate more separation of sample components. 
Additionally, a 30 mM CAPS buffer provided tailing factors further from the lower limit of 0.9.  
 
     
Figure 69. The ionic strength effect of the CAPS BGE on the peak of FMN. A 30 mM 
concentration was chosen as optimal. As the ionic strength increases, peak area and tailing 
decrease while the number of theoretical plates and retention time increase.  
The effect of changing the pH of the CAPS buffer was investigated by increasing the pH 
of the BGE over its pKa range. The pH values of 10, 10.2, 10.4, 10.6, 10.8, and 11 were selected 
for the investigation. As the pH of the buffer increased, the area and retention time for FMN 
increased until pH 10.4 followed by a decreased until pH 10.6 and another increase up to pH 
10.8 (Figure 70a and b). After pH 10.8, both peak area and retention time began to decrease up to 
pH 11. The number of theoretical plates decreased as the pH of the buffer increased while the 




11 (Figure 70a and b). A pH of 10.4 was considered optimal since it provided the maximum peak 
area for FMN at the expense of a low tailing factor.  
 
       
Figure 70. The pH effect on the peak of FMN. As the pH of the buffer is increased, the area and 
retention time of the peak exhibited erratic behavior with two maximum values at pH 10.4 and 
10.8. The number of theoretical plates decreased with increased pH while the tailing of the FMN 
peak decreased until pH 10.8 and increased between pH 10.8 and 11. The optimal pH of 10.4 
was selected to maximize peak area.  
The effect of temperature on the peak of FMN was examined by varying the temperature 
of the capillary between 15 and 40 °C. As the temperature of the capillary increases, the area and 
tailing of the peak increase while the number of theoretical plates and the retention time of the 
peak decreases (Figure 71a and b). The optimal temperature was considered to be 25 °C. At this 
temperature, the area of the peak is similar to the area at 35 °C but the retention time of the peak 





      
Figure 71. The effect on capillary temperature on the peak of FMN. Both peak area and tailing 
increase as the temperature increases. The number of theoretical plates and retention time for the 
peak both decreases as the temperature increases. The optimal temperature was considered to be 
25 °C and allows for an increased peak area while keeping a longer retention time that allows for 
greater separation.  
The effect of injection time on the peak of FMN was investigated by increasing the 
amount of time a sample is introduced into the capillary between 7 and 15 seconds. As the 
injection time increased, the peak area and tailing of FMN increased while the number of 
theoretical plates decreased (Figure 72a and b). The retention time for the peak increased until 11 
seconds where it then began to decrease between 11 and 15 seconds. The optimal injection time 
was considered to be 11 seconds. Although a higher area could be achieved with a 15 second 
injection volume, 11 seconds was chosen to prevent peak broadening. See table 8 for a summary 




        
Figure 72. The effect of increasing injection time on the peak of FMN. The peak area and tailing 
increased as the injection volume increased. Additionally, the retention time of the peak 
increased until 11 seconds followed by a decrease in retention time between 11 and 15 seconds. 
The optimal injection time was 13 seconds. Although higher peak areas could be achieved, 
increasing the injection time past 13 seconds increased peak broadening. 
Table 8. Summary of Optimal Chromatographic Conditions  
Capillary Agilent Fused Silica Extended Light Pathway 
Capillary (56 cm x 50 µm) 
Buffer 30 mM CAPS Buffer pH 10.4 
Preconditioning 3 min 1 M NaOH, 2 min H2O, 5 min Caps 
Buffer 
Injection Time 13 seconds 
Temperature 25°C 
Wavelength 266 nm 
Gradient 0.5 KV min-1 































Figure S1. The result for PMP-glucose linearity studies. The upper range of linearity corresponds 










y = 1510.9x - 27.543 
























Figure S2. Method development data for the effect of injection volume on peak area, theoretical 













































































Figure S3. Method development data for the effect of temperature on peak area, theoretical 


















































































Figure S4. Method development data for the effect of flow rate on peak area, theoretical plates, 

















































































Figure S5. Method development data for the effect of pH on peak area, theoretical plates, 


















































































Figure S6. Method development data for the effect of ionic strength on peak area, theoretical 







































































































Figure S7. The double layer capacitance data for a bare, non-annealed and annealed ITO. An 
annealed ITO has the highest capacitance compared to a bare ITO electrode.  
 
	
Figure S8. The impedance data for a bare, non-annealed, and annealed ITO. The non-annealed 






Figure S9. The charge transfer resistance for a bare, annealed, and non-annealed ITO electrode. 
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